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Counting the cost 


As more and more of its ocean-sciences budget is eaten up by operational and maintenance costs, the 
US National Science Foundation should learn to take a long view when investing in major projects. 


mouth. So when the US National Science Foundation (NSF) 

was handed stimulus cash after the collapse of the wider 
economy, it is not hard to see why agency bosses rushed ahead with 
funding some shiny new projects. But now the hungry horse is their 
responsibility and it is gobbling from the agency's shrinking nosebag. 
Something has to give. 

A decade ago, things were looking up for the science-funding 
agency. Budgets had been rising steadily, thanks to a supportive Con- 
gress. In 2007, President George W. Bush signed the America COM- 
PETES Act into law, which singles out the NSF for special investment 
in innovation research. And even after the US economy nosedived 
in 2008, there was a silver lining for the NSF: an extra $3 billion in 
stimulus funding from the government’s economic-recovery package. 

By law, the NSF was obliged to spend the stimulus windfall quickly, 
so it naturally looked to inject cash into projects that were ‘shovel- 
ready’ — those that had already been designed and were just waiting 
for investment to get started. Of the many things that the agency did 
with the cash, it chose two large projects in its ocean-sciences division. 
A group hoping to build an Alaskan research vessel received more 
than $100 million to begin construction, as did a project looking to 
establish a network of ocean observatories in the waters surrounding 
the Americas (see page 480). 

Even then, the NSF should have anticipated that the big budgets 
would not last and planned accordingly. It did not, and now faces the 
reality of the aftermath of all that spending. Once the pot of money 
allocated to construction has gone, the agency must start to pay opera- 
tional costs for these expensive projects. Both the Alaskan vessel and 
the Ocean Observatories Initiative (OOF) are set to come online in 
2015, and the ocean-sciences division will foot the bill. In a presenta- 
tion to the National Science Board last month, division director David 
Conover warned that the division is already spending more than half 
its money on maintaining facilities — at the expense of core science 
projects. And that percentage of facilities costs is only expected to grow. 

That could hurt another long-standing part of the ocean-sciences 
division — scientific ocean drilling, in the shape of the drilling ship 
JOIDES Resolution. Faced with growing facilities demands, the NSF is 
considering cutting the amount it spends on the Resolution each year, 
such that its time at sea might shrink from the eight months a year of 
science it does at present — which is, in turn, less than the 12 months 
a year it worked a decade ago (see page 469). 

Ocean drilling has already absorbed cut after cut; it must be spared 
complete dismantling. The Resolution is a hugely successful science 
programme, one that continues to yield multiple papers in top aca- 
demic journals each year, more than four decades after scientific ocean 
drilling began. It is also highly international; in the past decade, 758 sci- 
entists from 23 countries have sailed aboard the Resolution under the 
mantle of the Integrated Ocean Drilling Program. One-quarter of those 


() ne should never, as the saying goes, look a gift horse in the 


were graduate students, of whom nearly half were women. 

The NSF faces difficult choices, as do other cash-strapped funders 
around the world. In the case of the NSF’s ocean sciences, it should 
choose to pay to keep the Resolution working. It has little leeway on the 
expensive and untested OOI, which has been mandated by Congress. 
(Although, notably, other countries, such as Australia and Canada, 

have managed scientifically useful ocean 


“When money observatories on a smaller, more affordable 
getstight,some scale.) That leaves a decision to be made on 
dreams simply the country’s ageing academic research fleet. 
have to be Even in these tight budgetary times, the 
delayed. ° NSF is about to embark on another major 


construction push in the ocean sciences: it is 
looking to build as many as three regional research vessels. These are 
much-needed replacements that would study algal blooms, ocean acid- 
ification, fisheries impacts and other science of great societal relevance. 
But they are coming at just the wrong time and should be postponed. 
As it awaits confirmation of a new director, the NSF would do well 
to reconsider the way it builds long-term strategy. Building big, shiny 
facilities is all well and good in times of plenty. When money gets tight, 
some dreams simply have to be delayed. With politics, as with horses, 
there is no sure thing. = 


Time for change 


Angela Merkel needs to tackle the issue of 
Germany’s uneven university funding. 


ith her triumph in the German parliamentary elections on 
W:?» September, Angela Merkel’s popularity has reached new 

heights. Her bloc — the Christian Democratic Union and 
its Bavarian sister party — took 41.5% of the vote, just five seats short 
of an absolute majority and almost 8% more than her share in the 
2009 election. But as the Free Democratic Party, her junior coalition 
partner in the last government, failed to win the required 5% of votes 
and will no longer be represented in parliament, Merkel must seek a 
new political partner. A grand coalition with the Social Democrats, 
who won 25.7% of votes, seems the most likely option. It could be a 
good one for science as well. 

Merkel no doubt owes her victory to Germany's economic stabil- 
ity and her firm stance on the euro crisis, which has made her the 
pre-eminent political figure in Europe. Her government has also cut 
German unemployment by almost 40% since 2005, to 6.8%. And 
Merkel has benefited from her decision to pull the plug on nuclear 
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energy by 2022 in the wake of the 2011 accident at the Fukushima Dai- 
ichi nuclear-power plant in Japan. The cost and technical challenges 
of the Energiewende, the move to a non-nuclear, low-carbon energy 
system (see Nature 496, 156-158; 2013), will dominate her third term 
in office. As will coping with the welfare and health pressures brought 
about by an ageing population. 

A lot of good science will be needed to meet these challenges. Wisely, 
the government has increased research and technology expenditure 
by some 60% since 2005 (see Nature 501, 289-290; 2013). Today, Ger- 
many’s science landscape is more diverse, more competitive, better 
funded and less parochial than at any time since the Second World 
War. Many Max Planck Institutes offer terms and conditions that few 
other places in the world can match. National research centres, such 
as the Alfred Wegener Institute for Polar and Marine Research, are 
among the leading hubs in their fields, and the model of the Fraun- 
hofer Society, which promotes applied research in conjunction with 
industry, is now being copied by the United Kingdom. All these organ- 
izations, as well as the DFG — Germany’ central grant-giving agency 
for university research — have benefited from the Pact for Research 
and Innovation, which has given them generous budget increases over 
the past few years. Merkel has promised to continue this pact beyond 
2015, which would guarantee them budget increases of 5% each year. 

But not all is rosy. German scientists are at a disadvantage in 
stem-cell research compared with countries such as Sweden or the 
United Kingdom. German law prevents the importation or use of any 
human embryonic stem cells except those created for research before 
1 May 2007. The Free Democrats are the only party to have backed 
more liberal stem-cell rules in the past, and their absence from parlia- 
ment makes a revision of the law unlikely. 


Life could also be better for some plant biologists. Research on 
genetically modified (GM) crops has all but stopped owing to public 
hostility and a lack of political support. Since 2005, all experimental 
releases of GM plants have had to be registered to give their exact 
location and time of planting. This has allowed opponents to destroy 
nearly every field trial. As a result, for the first time in 20 years, there 
were no GM field trials in Germany this year. 

The government must rethink its anti-GM 


“The priority for policies, which are not supported by any 
Merkel should scientifically credible risk assessment. With 
betostrengthen scientific literacy in the basics of plant breed- 
the country’s ing and genetics at a low level in Germany, 
underfunded public debate about the field is wide open to 


quacks and ideologists. 

But the first priority for Merkel, as Nature 
has called for previously, should be to strengthen the country’s rela- 
tively underfunded universities. The universities are the responsi- 
bility of the country’s 16 states — a funding model that has proved 
incapable of supporting powerhouses to rival the likes of Harvard 
or Oxford. The €4.6-billion (US$6.2-billion) Excellence Initiative, 
jointly funded by central government and the states, has injected 
some much-needed federal money into the university system. It 
would take just a two-word constitutional change to allow the gov- 
ernment permanently to support state-funded universities — or 
even to create national research universities similar to Switzerland’s 
Federal Institutes of Technology. In the past, the second chamber 
of parliament has blocked such an amendment, but it will find it 
harder to keep up its resistance if Germany ends up being ruled by 
a grand coalition. = 


universities.” 


Homes for bones 


A dispute over the skull of an Italian cheese thief 
highlights the enduring debate over repatriation. 


control of their cultural history. In the past few decades, Native 

Americans, Australian aborigines, Australian Torres Strait island- 
ers and other groups previously colonized and suppressed by Euro- 
pean nations have engaged museums in a rightful debate over whether 
ancestral bones should be returned to their communities of origin. 

The Smithsonian Museum in Washington DC began to return some 
Native American bones in the late 1980s. And in April this year, the 
German Museums Association formally agreed that human remains 
collected as part of a violent conflict should be repatriated. Museums 
are cautious, however. They recognize the dangers of breaking up 
scientifically important collections — which have over the decades 
and centuries become part of world heritage in their own right — if 
claims to ownership are not clear-cut. 

A bizarre case on this sensitive theme is building to a conclusion in 
Italy. Almost a year ago, a judge in the southern region of Calabria ruled 
that the skull of a man called Giuseppe Villella should be returned (“for 
decent burial”) to the small Calabrian town of Motta Santa Lucia, where 
Villella was born around 1801. The skull is a key exhibit in the Cesare 
Lombroso Museum of Criminal Anthropology in Turin, northern Italy. 
The University of Turin, which owns the museum, has appealed the 
ruling and a decision is expected in December. 

The case is a one-off, but it highlights a pressing need for greater 
legal protection of Italy’s wealth of historically important scientific 
objects. In 2004, a law extended protection of the country’s remarkable 
artistic and archaeological heritage to scientific collections in public 
museums. But Motta Santa Lucia’s claim would take the skull out of 


|: is understandable that indigenous communities want to take 


462 | NATURE | VOL 501 | 26 SEPTEMBER 2013 


the collection — and into legal limbo. 

Little is known about Villella other than that he ended his days in a 
prison near Pavia in northern Italy, where he had been held for stealing 
goats and cheese. After he died in 1864, Lombroso, then a professor 
of forensic medicine at the University of Pavia, acquired his skull and 
noted an abnormal hollow on the inside back surface. This set Lom- 
broso on course to develop a notorious theory that criminality was 
an inborn characteristic recognizable through particular anatomical 
features. He went on to collect hundreds of other skulls to back up this 
theory. It proved incorrect, but does demonstrate Lombroso’ revolu- 
tionary willingness to consider that behaviour could be influenced 
by brain biology. 

The judge's ruling is frustrating. Without calling on scientific exper- 
tise — a tendency of Italian judges that has been increasingly criticized 
(see Nature 491, 7; 2012) — he said that because Lombrosos theory 
was known to be wrong, there could be no justification for keeping 
the skull ina museum. 

The inhabitants of Calabria can hardly be considered a suppressed 
indigenous population. But a tiny political group called the Neo- 
Bourbon Movement (Movimento Neoborbonico) thinks that the analogy 
holds. Whereas conventional history considers the creation of the King- 
dom of Italy in 1861 to have been a liberation of the south by the north, 
the Neo-Bourbon Movement views it as an invasion that harmed the 
southern cultural identity. The movement persuaded the mayor of 
Motta Santa Lucia to bring charges against the Lombroso museum. 

The 2004 Italian cultural-heritage law is set to be updated soon, 
providing a perfect opportunity to extend protection explicitly to indi- 
vidual scientific objects. This would close a legal loophole and sensitize 
judges to the true value of the objects, which, like artworks, should not 
in most circumstances be destroyed or lost to the public. 

In the meantime, the Lombroso museum is 
allowed to keep Villella’s skull on display. The 
bones await their fate on a shelf just a few metres 
away from a cabinet that holds the entire — less 
sensitive — skeleton of Lombroso himself. = 
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numbers of people, sometimes millions. So why is such a key 

task often left to economists and lawyers, who may have little 
in-depth understanding of how people really behave? And why are 
the behavioural psychologists and neuroscientists who have valuable 
expertise usually consulted last, if at all? 

Some politicians recognize this problem, and have tried to address 
it in the past few years. Leading the way is the British government 
under Prime Minister David Cameron, who established a Behavioural 
Insights Team (BIT) within the influential Cabinet Office shortly after 
he was elected. This summer, the White House Office of Science and 
Technology Policy began hiring people for the US equivalent. And 
on 30 September, some 300 people — including leading executives 
in governments, businesses, non-governmental 
organizations and academia — will gather in 
Brussels to discuss how behavioural insights can 
inform policy-making. 

The conference has been organized by the 
European Commission's Directorate General 
for Health and Consumers, which relies on the 
insights of behavioural scientists it has recruited 
in recent years. For instance, the choice of the next 
library of pictorial and text warnings on cigarette 
packets will be based on tests of their effective- 
ness, such as tracking people's eye movements 
when they view them. The European Commis- 
sion introduced a set of such warnings in 2005, but 
they were tested only with highly biased declara- 
tive methods, such as surveys and self-reporting. 

The lesson here is that if a governing body 
such as the European Commission — infamous for its bureaucracy 
and resistance to change — can see the benefits of behavioural insights 
and alter its way of informing policy, then every government should 
follow its lead. 

At the heart of this approach are the randomized controlled trials that 
are already common in medical research. Similar trials of public policy 
are crucial because they use a control group — a fraction of the popula- 
tion to which the new policy is not applied. This might sound strange, 
but monitoring such a non-intervention group is the only way to know 
whether a change in behaviour is down to the policy being trialled. 

The British government is streets ahead on this. When the BIT was 
founded in 2010, the French Prime Minister’s Centre for Strategic 
Analysis was already running a programme to chart the benefits of 
using behavioural and brain sciences to inform public policy, which 
[had led for a year. But over the two years that 
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NOT TO TEST POLICIES 
BEFORE THEY ARE 


APPLIED. 


Behavioural insights are 
vital to policy-making 


Governments should embrace the scientific approach and use controlled trials 
to test the impact of policies on people’s behaviour, says Olivier Oullier. 


One successful example of a cost-effective use of behavioural 
insights in policy is a UK study on tax collection. In a 2011 randomized 
controlled trial of more than 100,000 people, some people received 
payment-request letters that had been tweaked to say that most UK 
citizens pay their taxes on time. Compared with control letters, the 
trialled policy produced a 15% increase in repayment rate. The Brit- 
ish government estimates that a national roll-out of the policy would 
provide around £30 million (US$48 million) of extra revenue each 
year. Not bad for a smart use of social psychology. 

Randomized controlled trials can help governments to choose the 
best strategy, to spot errors and thus to save a lot of money. The private 
sector has long understood that. Take OPower, a company headquar- 
tered in Arlington, Virginia, that promotes the sustainable consump- 
tion of energy. It reports that its clients have saved 
more than 2.8 billion kilowatt hours of energy as 
a result of its clever blend of trials, insights from 
social psychology and behavioural economics 
— also known as nudges, after the title of a 2008 
best-selling book. The company found that the 
best way to get people to save energy was not to 
make them feel guilty about the environment or 
to promise cheaper bills, but to provide house- 
holds with an easy way to compare their energy 
consumption with that of their neighbours. Social 
comparison and peer pressure work better than 
any lecture on how one should behave. 

Many of us who work in the field of behav- 
ioural change have received educational train- 
ing and research grants paid for by public funds. 
Yet the private sector seems to be much more 
interested in our skills than are public institutions, despite the high 
return that we could provide on investments in behavioural-sciences 
research. During these difficult economic and social times, public 
organizations can no longer afford — financially and socially — not 
to test policies before they are applied. 

Iam sure that most readers, regardless of where they live, could 
share examples of failed policies that have seen public money wasted 
on education, health, law, transport and taxes — all because no one 
cared to assess how citizens might behave when new measures are 
implemented. No one would accept that a new drug would be devel- 
oped only by economists and lawyers and launched without the proper 
trials. We should not tolerate this in policy-making either. m 


Olivier Oullier is a professor of behavioural and brain sciences at 
Aix-Marseille University, Marseilles, France. He is former head of the 
neuroscience and public-policy programme at the Centre for Strategic 
Analysis of the French Prime Minister, and a World Economic Forum 
Young Global Leader. 

e-mail: olivier@oullier.fr 
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Selections from the 
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RESEARCH HIGHLIGHTS 


PSYCHOLOGY 


Young people 
resist bad news 


Children and teenagers get 
better at learning from bad 
news as they grow older, 
according to a study by 
Christina Moutsiana and 
her colleagues at University 
College London. 

Fifty-nine people aged 
9 to 26 were asked how likely 
they thought they were to 
experience something bad, 
such as a car accident or 
burglary. The team then 
showed the volunteers actual 
probabilities for such events 
and asked them again. 

The younger the volunteer, 
the worse he or she was at 
learning that a misfortune was 
more likely than previously 
believed. But if the chance ofa 
bad experience was less likely 
than initially predicted, the 
good news got across to all ages. 
These results could explain why 
teens are inclined towards risky 
behaviour in spite of warnings. 
Proc. Natl Acad. Sci. USA 
http://doi.org/nv5 (2013) 


RNA boosts genes 
on aloop 


Bits of a gene that don't code for 
protein can regulate that gene's 
expression as a loop of RNA. 

Ling-Ling Chen, Li Yang 
and their colleagues at the 
Shanghai Institutes for 
Biological Sciences in China 
examined a class of ‘introns’ 
— sequences that reside in 
the protein-coding portion of 
genes but get snipped out of 
the RNA template before the 
protein is made. 

Some introns formed 
circles that were abundant 
in the nucleus and, unlike 
other reported circular RNAs, 
did not associate with small 
regulatory RNAs. Reducing 


METABOLISM 


Thyroid disease tips body's thermostat 


Some unexpected effects of thyroid hormone 
on blood vessels could explain why people with 
thyroid disorders often feel too hot or too cold. 
Jens Mittag of the Karolinska Institute in 
Stockholm and his colleagues found that mice 
with a mutation in a thyroid-hormone receptor 
burn fat at a higher rate than normal, but show 
no increase in their body temperatures. 
Thermal imaging revealed that the mutant 


levels of the circular intronic 
RNAs, many of which were 
unique to human cells, reduced 
expression of the parent genes. 
Mol. Cell http://doi.org/nv6 
(2013) 


| NEUROSCIENCE 
Lit neurons show 
sleep patterns 


Experiments within living 
brains have revealed key 
neurons that control a stage of 
deep slumber called rapid-eye 
movement (REM). 

In mouse studies, scientists 
led by Antoine Adamantidis of 
McGill University in Montreal, 
Canada, engineered a group of 
neurons so that they could be 
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constriction. 


(2013) 


controlled by external pulses 
of light in the brain region 
linked to REM sleep. The 
neurons make a peptide called 
melanin-concentrating 
hormone (MCH). 

Activating these cells with 
light increased the likelihood 
that mice entered REM sleep 
and extended its duration by 
47%. Silencing the neurons 
reduced the quality of REM 
sleep (as measured by brain 
waves called theta oscillations) 
but did not shorten it. 

The neurons may increase 
the stability of REM sleep by 
suppressing neighbouring 
neurons linked to arousal and 
wakefulness, the authors say. 
Nature Neurosci. http://doi. 
org/nwv (2013) 


mice lost more heat than usual through 

their tails because the tail arteries were not 
constricting properly. This, in turn, boosted the 
rate at which the mice burned brown fat — an 
effect that was reversed when the mice were 
given a drug that stimulates blood-vessel 


Proc. Natl Acad. Sci. USA http://doi.org/nv7 


Termite turns to its 
dung for defence 


A species of termite protects 
itself from fungal infection by 
using the faeces lining its nest 
to cultivate bacteria. 

Colonies of Coptotermes 
formosanus, a subterranean 
termite, are constantly 
exposed to pathogens such 
as the fungus Metarhizium 
anisopliae. For years, 
researchers have been trying 
to exploit the fungus to stop 
Coptotermes from chomping 
through wooden structures, 
but the insects have evolved 
several ways of resisting the 
pathogen. 


AMY WARNER 


KALLISTA IMAGES/SUPERSTOCK 


GREG CALVERT 


Thomas Chouvenc and his 


colleagues at the University 
of Florida in Fort Lauderdale 
report another such defence 
mechanism: the mixture of 
wood pulp and faeces that 
lines Coptotermes’ nests 
(pictured) supports bacteria 
that have antimicrobial 
activity, including a 
Streptomyces species that is 
effective against Metarhizium. 
The bacterium gave termites 
aconsiderable survival 
advantage in soil that 
harboured the fungus. 
Interfering with this 
mutually beneficial insect- 
bacterium relationship might 
aid pest control, and termite 
faeces could also be an 
untapped source of medicines 
that protect against infection, 
the authors say. 
Proc. R. Soc. B 280, 20131885 
(2013) 


EVOLUTION 


Cool eggs make 
for longer legs 


Incubating eggs of the 
tropical skink (Carlia 
longipes; pictured) at different 
temperatures results in 
hatchlings with legs adapted 
for different terrains. 

Brett Goodman, now at 
the University of Adelaide in 
Australia, and his colleagues 
caught female skinks 
living in a mixed 
habitat of forest and 


rocks. These lizards lay 
clutches of two eggs, and the 
researchers split 76 sets of 
sibling eggs to incubate at 
temperatures reflecting either 
the forest floor (about 28.5 °C) 
or rock surfaces (about 
23.5°C). 

Eggs incubated at the cooler 
temperature hatched into 
long-legged skinks that could 
sprint and climb more quickly 
than their warm-incubated 
siblings. When given a 
choice, the cool-incubated 
skinks spent more time in 
rocky areas, whereas skinks 
incubated at the warmer 
temperature had shorter legs 
and preferred leaf litter. 

Am. Nat. http://dx.doi. 
org/10.1086/673299 (2013) 


Vitamin coating 
blocks static 


The familiar phenomenon 
of static electricity can cause 
serious problems, such as 
explosions and equipment 
damage. 

A team led by Bartosz 
Grzybowski at Northwestern 
University in Evanston, Illinois, 
has found an explanation for 
how static electricity builds 
up, along with a simple way to 
dissipate it. 

The researchers examined 
magnetic and electric 
patterns on polymer surfaces 
using specialized forms of 
atomic force microscopy. 

This revealed that clumps of 
charged particles owe their 
stability to chemical species 
known as radicals — reactive 
molecules with unpaired 
electrons. 

Further experiments 
showed that these radicals 
could be mopped up by surface 
coatings, including vitamin E 
and other antioxidants. Coated 
polystyrene beads quickly 
lost their static charge, and 
a coated transistor 
resisted damage 
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COMMUNITY 


CHOICE 


Lab rats reveal genetics of selection 


> HIGHLY READ 
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in September 


DNA sequencing is illuminating the 
genetic underpinnings of 27 rat strains 
bred to study human diseases. 


Since the early 1900s, researchers have 
selected and bred rats displaying traits such as hypertension 
and behavioural disorders, producing hundreds of distinct 
strains. Researchers led by Timothy Aitman at Imperial 
College London sequenced the complete genomes of 
several common strains of laboratory rat, revealing more 
than 13 million genetic variants as well as evidence for the 
evolutionary pressures behind them. A strain known for 
its cardiovascular disorders, for example, showed specific 
selection for gene clusters that are involved in regulating blood 


pressure and oxidative stress. 


Further analysis of how artificial selection created rat 
models of disease should point to genetic variations and 
mechanisms that contribute to human maladies. 


Cell 154, 691-703 (2013) 


from an ion gun. 

Science 341, 1368-1371 (2013) 
For a longer news story on this 
work, see go.nature.com/ejdpy1 


Waiting to reduce 
emissions is costly 


If international efforts to 

reduce carbon emissions are 
delayed by another 15 years, 
the initial costs of limiting 
global warming could triple. 

Gunnar Luderer at the 
Potsdam Institute for Climate 
Impact Research in Germany 
and his colleagues used a 
model to study 285 mitigation 
scenarios. They calculated the 
costs incurred within the first 
few years after implementing 
policies to hold temperatures to 
2°C above pre-industrial levels. 

If such policies come into 
force in 2030 or later, energy 
prices are likely to shoot up 
by 80% and global economic 
growth might decrease by 
7% in the decade following 
implementation. 

Broad emissions reductions 
need to start in 2015 to keep 
costs moderate, the authors say. 
Environ. Res. Lett. 8,034033 
(2013) 


Virus revealed by 
host response 


A straightforward test of 
human immune responses 
can show whether flu-like 
symptoms arise from 
bacterial or viral infection. 

A team led by Christopher 
Woods and Geoffrey 
Ginsburg of Duke University 
in Durham, North Carolina, 
developed an assay based on 
a technique called RT-PCR, 
which can measure gene 
expression in blood samples. 

The assay monitors 
roughly 30 human genes that 
have differing activities in 
bacterial and viral infections. 
When used on 102 people 
who came to a hospital 
with fevers and respiratory 
symptoms, the test identified 
a viral infection with 94% 
accuracy and could exclude 
a viral cause with 89% 
accuracy. 

Sci. Transl. Med. 5, 203ra126 
(2013) 
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SEVEN DAYS 


POLICY 


Election results 
Angela Merkel triumphed 

in Germany’s parliamentary 
elections on 22 September 

to secure a third term as the 
country’s chancellor. Federal 
science spending has increased 
by 60% since Merkel first came 
to power in 2005, and she has 
fought to keep government 
science expenditure high 
despite increases in public 
debt. The Free Democrat 
Party, which had previously 
expressed support for easing 
Germany’s tough restrictions 
on stem-cell research, lost its 
representation in parliament. 
See page 461 and Nature 501, 
289-290 (2013) for more. 


Climate closures 
Australia’s new government 

is shutting the Climate 
Commission, an independent 
agency set up in 2011 to 
provide information on 
climate change. But its 

chair Tim Flannery says the 
organization will continue, 

as the Climate Council, 

with private funding. The 
government also aims to 
close the Climate Change 
Authority, which advises on 
carbon pricing and emissions 
cuts, and the Clean Energy 
Finance Corporation, a ‘green 
bank that was due to invest 
Aus$10 billion (US$9.4 billion) 
over the next five years in 
renewable-energy projects. 


US power plants 
Regulations proposed on 

20 September by the US 
Environmental Protection 
Agency would limit carbon 
dioxide emissions for future 
fossil-fuel power plants in the 
United States. To meet the 
emissions limits, new coal- 
fired plants would need to 
install equipment to capture 
and sequester a portion 

of their carbon dioxide 
emissions — a requirement 


The news in brief 
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Road test for experimental reactor 


A 352-wheel, 800-tonne trailer last week carried 
a test load (pictured) along the 104-kilometre 
route through France by which components 

of the multibillion-euro ITER thermonuclear 
reactor will travel for assembly in St-Paul-lés- 
Durance. Seven international partners will 
contribute parts for the machine, which is 
designed to show the feasibility of nuclear fusion 


that utility companies argue 
would effectively halt future 
coal-plant development. The 
agency is preparing separate 
regulations, due in June 2014, 
to govern existing power 
plants. See go.nature.com/ 
c2m4tn for more. 


Russian vote 

On 18 September, Russia's 
lower house of parliament 
approved controversial reforms 
to the Russian Academy of 
Sciences. The upper house and 
President Vladimir Putin are 
widely expected to approve 

the law. This would see the 436 
institutes and 45,000 staff of 
Russia's primary basic-research 
organization managed bya 
new federal agency overseen 
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by the government and 
reporting directly to Putin. 
Critics say that the move will 
deprive the 289-year-old body 
of its independence, and halt 
attempts to revitalize Russia's 
science system. See go.nature. 
com/8zqqme for more. 


Arctic ice low 


The extent of Arctic sea ice 
reached its minimum for the 
year on 13 September, when ice 
cover fell to 5.1 million square 
kilometres, the US National 
Snow and Ice Data Center 

in Boulder, Colorado, said 

on 20 September. This year’s 
minimum falls short of 2012’s 
record-breaking thaw but is the 


as a power source (see Nature http://doi.org/ 
nwgq; 2012). The trailer — 10.4 metres high, 

9 metres wide and 33 metres long — mimics 

the size of the largest components. The convoy 
travelled at night along roads and bridges that 
have been modified at a cost of €112 million 
(US$151 million). The project is expected to need 
a total of 230 convoys over the next five years. 


sixth lowest since 1979, when 
satellite monitoring began. 
See go.nature.com/jnkee3 
for more. 


| ERESEARCH 
Census shake-up 


The census that has sampled 
the UK population once a 
decade since 1801 could be 
scrapped, according toa 
consultation launched on 

23 September by the Office 
for National Statistics. The 
office is considering using 
information from national 
databases and smaller annual 
surveys for the next census, 
due in 2021. Some researchers 
are strongly opposed to this 
option, which they argue 
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would mean losing important 
details. See go.nature.com/ 
mwepcq for more. 


Space mission dead 
After a 7.6-billion-kilometre 
journey, NASA’s comet- 
hunting Deep Impact 
spacecraft is no more. Project 
controllers had been unable 
to communicate with the 
craft since 8 August, and 
declared the mission over on 
20 September. A computer 
calendar glitch probably 
caused the craft to fail (see 
go.nature.com/yupxju). 


PEOPLE 


Smithsonian head 


Civil engineer Wayne Clough 
will retire next year as leader 
of the Smithsonian Institution 
in Washington DC, the centre 
announced on 18 September. 
Since taking over as secretary 
in 2008, Clough has raised 
US$893 million in private 
donations for the $1-billion 
institute, which hosts some 
1,600 fellows and research 
associates across 19 museums 
and 9 research centres. 


Nobel laureate dies 
David Hubel, a Nobel- 
prizewinning neuroscientist 
who mapped the brain's 

visual system, died on 

22 September, aged 87. In 
research covering 25 years, 
Hubel (pictured), based at 
Harvard Medical School in 


TREND WATCH 


In 2012, some 6.6 million 
children died before reaching 


their fifth birthday. By contrast, 


more than 12 million under- 


fives died in 1990, according to 
a United Nations report released 


on 13 September. Although 
the death rate has been cut by 
about half, the situation is not 


improving fast enough to reach 
a target set for 2015 by the UN 
Millennium Development Goals 
initiative (see chart). Worldwide, 
malnutrition accounts for about 
45% of deaths of children under 
five years old. 


Boston, Massachusetts, worked 
with Torsten Wiesel to show 
how light is transmitted from 
retinal cells in the eye to the 
brain's visual cortex, where it is 
processed. The duo shared the 
1981 Nobel Prize in Physiology 
or Medicine with Roger Sperry. 


GM-rice fallout 


Guangwen Tang, a nutrition 
scientist at Tufts University in 
Medford, Massachusetts, has 
been banned by the university 
from conducting human 
research for two years owing 
to ethics violations in a study 
published last year. Tang tested 
the health benefits of Golden 
Rice — genetically modified to 
produce a vitamin A precursor 
— on children in China’s 
Hunan province (see Nature 
http://doi.org/nv9; 2012). On 
17 September, the university 
upheld the study’s results, 

but reported finding that the 
trial had violated university 
and federal regulations, and 
lacked proper approvals from 


CHILD DEATH RATE HALVED 


Chinese officials. Tufts also 
said that the participants were 
not adequately informed 
about the genetically modified 
nature of the rice. 


Human-rights prize 
Omid Kokabee, a physics 

PhD student jailed in Iran 
since January 2011, was on 

23 September awarded the 
American Physical Society's 
Andrei Sakharov Prize, for 
courage in refusing to work on 
projects that he thought were 
harmful to humanity. Kokabee 
has said that he was pressured 
to cooperate in an Iranian 
military nuclear programme. 
This is the first time that the 
human-rights prize has been 
awarded to a person in prison. 
See go.nature.com/ic77ff 

for more. 


US research boost 
The US government has 
allocated US$53 million to 
create 14 Tobacco Centers 

of Regulatory Science in 

the next year, the Food and 
Drug Administration and 
the National Institutes of 
Health (NIH) announced 

on 19 September. More than 
$273 million may be invested 
over the next five years to help 
the programme to develop 
and evaluate regulations for 
tobacco products. The NIH 
last week also announced 
some $45 million in awards 


The United Nations says that the world has made encouraging 
strides in reducing the child mortality rate. 
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SEVEN DAYS | THIS WEEK | 


27 SEPTEMBER 

In Stockholm, the 
Intergovernmental 
Panel on Climate 
Change releases a 
summary of its fifth 
assessment of the basic 
scientific evidence for 
climate change. The 
panel publishes its full 
report on 30 September. 


to study early interventions 
for Alzheimer’s disease. 
Among the selected projects 
is a $33-million trial to test 
preventive treatments in 
at-risk adults (see Nature 489, 
13-14; 2012). 


Cancer cash 

On 21 September, 
philanthropists Phil and Penny 
Knight announced that they 
would donate US$500 million 
to cancer research at Oregon 
Health & Science University 
in Portland — but only if the 
university can raise another 
$500 million from other 
sources within two years. The 
money would support science 
at the university's Knight 
Cancer Institute, to which the 
couple gave a $100-million 
donation in 2008. Phil 

Knight is co-founder of the 
sportswear company Nike. 


FACILITIES 


Genome centre 

On 19 September, the New 
York Genome Center officially 
opened the doors of its first 
dedicated research facility, 
located in Manhattan. The 
consortium of 12 research 

and health-care institutions 
was created three years ago as 
part of New York city’s push to 
become a biomedical-research 
hub. Its aim is to provide non- 
profit genome services and to 
foster collaborations between 
academia and industry. See 
go.nature.com/htxqji for more. 


> NATURE.COM 
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US research vessel the JOIDES Resolution on an expedition in the Gulf of Alaska. 


Drilling hit by budget woes 


US funding for research vessel uncertain as international programme reorganizes. 


BY ALEXANDRA WITZE 


his week’s arrival of US research ves- 
Ts the JOIDES Resolution in Busan, 

South Korea, will mark an important 
milestone in scientific drilling. On 30 Septem- 
ber, the Integrated Ocean Drilling Program 
(IODP) — the framework that has governed 
the extraction of geological cores from the sea 
floor for the past decade — will cease to exist. 
The next day, it will be reborn for another dec- 
ade with a new name and blueprint, but the 
same old problem: how to pay for what is argu- 
ably the most successful international research 
collaboration ever. 


The future of the JOIDES Resolution is par- 
ticularly in doubt, which is a source of con- 
sternation for the geoscientists who depend on 
her services. For the past decade, the ship has 
been a workhorse of scientific ocean drilling, 
racking up 34 expeditions under the IODP. By 
contrast, vessels run by other countries have 
managed just 18 (see ‘Drilling down). 

But the ocean-sciences division of the US 
National Science Foundation (NSF), which 
funds the JOIDES Resolution from its headquar- 
ters in Arlington, Virginia, has run into a perfect 
storm of financial commitments. Rising costs 
for new facilities, coupled with double-digit 
budgetary cuts in core science programmes over 


the past two years, have led the NSF to consider 
slashing the money available for the vessel. 

Rumours of the impending change have 
caused uproar among US geoscientists. They 
have sent a flood of letters to the NSF to high- 
light the valuable research conducted through 
ocean drilling — the only way to access con- 
tinuous geological records older than about a 
million years. International collaborators such 
as Brazil and China that bring money to NSF 
coffers through membership fees now face the 
prospect of less time at sea. 

The NSF’s head of ocean sciences, David 
Conover, points out that other programmes in 
his division are also suffering. “Everybody > 


26 SEPTEMBER 2013 | VOL 501 | NATURE | 469 


© 2013 Macmillan Publishers Limited. All rights reserved 


| NEWS IN FOCUS 


> wishes we had more money to give,’ he says. 
In November, he will appear before the National 
Science Board with options on how the JOIDES 
Resolution might operate after its contract with 
the NSF ends in September 2014. The board will 
vote to authorize some level of funding, which 
will dictate how much research the ship can do. 
It currently costs about US$65 million a year to 
conduct roughly four expeditions. 

The United States has led the field of sci- 
entific ocean drilling since 1968, and today 
26 countries share several expedition vessels 
under the IODP. The programme’ other flag- 
ship is Japan’s Chikyu, a $540-million vessel 
with ‘riser’ technology that allows it to drill 
much deeper than the JOIDES Resolution can. 

Scientists aboard the Chikyu have drilled 
into the fault that caused the deadly 2011 earth- 
quake near Tohoku, Japan, and have investi- 
gated a dangerous fault zone closer to Tokyo, 
to probe the mechanics of these killer hazards. 
But the Chikyu, like the JOIDES Resolution, has 
faced higher operating costs than expected; it 
spends about five months a year on science, and 
the rest of its time on mostly industry work, 
to help to pay the bills. At an April workshop 
in Tokyo, Chikyu scientists laid out an ambi- 
tious wish list of projects, from exploring an 
ancient Mediterranean dry period to drilling 
into Earth’s crust-mantle boundary, that would 
easily fill 12 months a year if Japan’s govern- 
ment could afford them. 

Other parts of the IODP effort are run by 
the European Consortium for Ocean Research 
Drilling, which operates ‘mission-specific’ 
platforms — hiring ships that are matched to 


DRILLING DOWN 


Budget pressure has reduced the number of 
missions undertaken by US drilling ship the 
JOIDES Resolution. 
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each expedition. The group has scrambled to 
find money to operate roughly one mission a 
year, and currently has a ship drilling in the 
Baltic Sea to explore past glacial cycles. 

But these long-standing arrangements are 
being shuffled. In the rechristened, reorgan- 
ized ‘International Ocean Discovery Program, 
the United States, Japan and Europe will fund 
their own platforms directly instead of combin- 
ing funds ina central pot of about $200 million. 
After years of courting, US officials have also 
brought in partners such as Brazil and China, 
which each pay $3 million annually to the US 
programme. Many had hoped that this influx 
of international funds might allow the JOIDES 
Resolution to sail more expeditions each year. 


But the NSF's budget woes make that look 
unlikely. Several years ago, the agency spent 
$115 million on refitting the JOIDES Resolu- 
tion, but the ship has spent only seven to eight 
months a year on science since then. “If it can 
only continue at that level, I think the commu- 
nity would view the glass as half full rather than 
half empty,’ says Keir Becker, a marine geologist 
at the University of Miami in Florida, and head 
of the new group that will coordinate activities 
among the US, Japan and Europe. 

“If the United States falls over, then all these 
other countries are going to be left hanging,” 
says Mike Coffin, a marine geologist at the 
University of Tasmania in Hobart, Australia. 
“Everyone is extremely concerned about what 
the United States is doing.” (Australia has put 
in a five-year bid to continue participation in 
the programme.) 

Conover brushes aside rumours that the 
United States is abandoning scientific drill- 
ing. “We are not terminating the programme,” 
he says. But he adds that the NSF's ocean sci- 
ences division can only stretch so far. Its budget 
this year is almost $343 million, or $9 million 
less than the year before. Budget sequestration 
and other cutbacks have reduced its funding 
for core science by about 12% over two years. 

At the same time, the 35-year-old JOIDES 
Resolution has only so much life left in it. “The 
community is waking up and seeing that we 
don't have this tool forever,” says Bradford 
Clement, who oversees the ship’s science 
services at Texas A&M University in College 
Station. “There is a sense of urgency here.” = 
SEE EDITORIAL P.461 


SOURCE: IODP-USIO 


Mystery over 
obesity ‘fraud’ 


Researcher baffled after his results appear in bogus paper. 


BY DECLAN BUTLER 


host writing is taking on an altogether 
(sites meaning in a mysterious case 
of alleged scientific fraud. The authors 
of a paper published in July (A. Vezyraki et al. 
Biochem. Biophys. Res. Commun. http://doi. 
org/nxb; 2013), which reported significant 
findings in obesity research, seem to be phan- 
toms. They are not only unknown at the insti- 
tution listed on the paper, but no trace of them 
as researchers can be found. 
The paper, published in the Elsevier jour- 
nal Biochemical and Biophysical Research 


Communications (BBRC), is not the kind of 
prank that journals have encountered before, 
in which hoaxsters have submitted dummy 
papers to highlight weaknesses in the peer- 
review process. The paper’s reported findings 
— that overexpression of two novel proteins 
in fat cells leads to improvements in metabolic 
processes related to diabetes and obesity in 
mice — are, in fact, true. 

Too true, in the opinion of Bruce Spiegelman, 
a cell biologist at Harvard Medical School’s 
Dana-Farber Cancer Institute in Boston, 
Massachusetts. He says that he has presented 
similar findings at about six research meetings, 
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and is preparing to submit them to a journal. 
He suspects that the BBRC paper was intended 
as a spoiler of his own lab’s work. 

Now withdrawn, the article lists five authors 
who are all supposedly from the School of 
Health Sciences at the University of Thessaly 
in Trikala, Greece, and is entitled ‘Identifi- 
cation of meteorin and metrnl as two novel 
pro-differentiative adipokines: Possible roles 
in controlling adipogenesis and insulin sensi- 
tivity. Adipokines are proteins secreted by fat 
tissue that play an active part in such processes 
as sugar and fat metabolism, inflammation and 
obesity-related metabolic disorders, including 
insulin resistance and diabetes. 

Spiegelman says that he smelt a rat as soon 
as he saw the paper. Meteorin and metrnl have 
been little studied, and no previous paper has 
shown a role for them in obesity. It was there- 
fore suspicious, he says, to see a paper pub- 
lished out of the blue reporting that they were 
novel adipokines and that their overexpression 
in adipose cells led to improvements in dia- 
betes and obesity in mice — exactly the same 
findings as the work he had presented. 

On 20 July, he e-mailed Ernesto Carafoli, 
BBRC’s editor-in-chief, to air his concerns. 


NATHAN LITKE, ADI LEVIN, PETER SCHRODER/COMPUTER AIDED GEOMETRIC DESIGN/ELSEVIER 


“The authors on this paper have apparently 
never published a single academic paper 
before and they list a non-academic e-mail 
address,” he wrote. “Odder still, upon look- 
ing for them on Google, PubMed or on the 
website of the university they list, there is 
no mention of any of the authors as being 
at that university.” 

Carafoli, along with Elsevier, launched 
an investigation. Elsevier temporarily with- 
drew the paper from the journal website on 
8 August, and, after the University of Thes- 
saly confirmed that none of the researchers 
listed on the paper had ever worked there, 
now intends to withdraw it permanently. 

Spiegelman, who works on fat-cell dif- 
ferentiation, is also a co-founder of Ember 
Therapeutics, a company based in Water- 
town, Massachusetts, that is developing 
therapeutics for metabolic disorders. He 
believes that the paper was intended to 
hurt him and his lab. Scientific miscon- 
duct is usually done for academic gain, but 
because the authors on the paper seem to 
be phantoms, they can derive no benefit, 
he says. He argues that this seems to leave 
“maliciousness” as the only explanation. 

Spiegelman says that he is surprised that 
the e-mail address of the corresponding 
author did not prompt the journal to ask for 
evidence of the authors institutional affili- 
ations. “The e-mail was a bit strange, and 
that we could have checked,’ agrees Cara- 
foli, but nothing else in the paper aroused 
suspicion. “It was impeccable. The authors 
were clearly academics,’ he adds. 

The perpetrators also seem to have used 
Greek surnames similar to those of authen- 
tic researchers working in obesity-related 
research, in what one might speculate was 
an attempt to fool referees should they 
search the literature. There are also genu- 
ine researchers at the University of Thessaly 
working in the field of obesity. 

Spiegelman, who is certain that the paper 
is “made up’ is keen for there to bea criminal 
investigation. He says that lawyers have told 
him that the faked paper represents fraud, 
not just academic misconduct — a view 
shared by Carafoli. But Spiegelman says the 
lawyers also advised that although he might 
have been the target, there would be little 
basis for him to sue, whereas Elsevier, BBRC 
and the University of Thessaly could have 
grounds to press fraud charges. 

Elsevier told Nature: “BBRC has been tar- 
geted by a scheme to defraud our editors, 
reviewers and readers with submission ofa 
manuscript with falsified author and insti- 
tutional information and therefore wholly 
unverifiable scientific claims. We consider 
such abuse unethical.” It added that it is 
continuing its investigation and will, with 
the relevant authorities, “explore the ques- 
tion of whether this constitutes a criminal 
case of Internet fraud”. m 
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A surface imaged by a patented method that was licensed to Intellectual Ventures by Caltech. 


TECHNOLOGY TRANSFER 


Universities struggle 
to make patents pay 


Surfeit of unlicensed intellectual property pushes research 
institutions into unseemly partnerships. 


BY HEIDI LEDFORD 


nited States patent number 7,023,435 

| almost didn't happen. The application, 

which covered a way of imaging a sur- 

face, was rejected four times by the US Pat- 

ent and Trademark Office. But the California 

Institute of Technology (Caltech) in Pasadena, 

which filed the patent, fought back — and pre- 
vailed in 2005. 

Caltech’s faith in the hard-won patent was not 
matched by industry: three years later, no one 
had licensed the rights to the invention. So in 
2008, Caltech exclusively licensed it, along with 
50 other patents, to a subsidiary of Intellectual 
Ventures, a company that has stockpiled 40,000 
patents from which it collects US$3 billion in 
licensing income. The firm sometimes uses its 
patents to sue other companies for infringe- 
ment, yet it rarely develops the inventions 
described by its intellectual property. 

Such patent-assertion entities, sometimes 
called aggregators, monetizers or ‘patent trolls, 
are questionable homes for university inven- 
tions. But in the push to get academic research 
out of the ivory tower — and to make money 
— university technology-transfer offices are 
becoming less choosy about their partners. 

“As universities struggle to find revenue 
sources, one might worry that the moneti- 
zation industry will be very tempting,” says 
Robin Feldman, director of the Institute for 
Innovation Law at the University of California 
Hastings College of the Law in San Francisco. 


There are already signs that this is happening, 
she adds. Last year, she published evidence 
that 45 universities around the world licensed 
or sold patents to Intellectual Ventures shell 
companies (T. Ewing and R. Feldman Stanford 
Technol. Law Rev. 1; 2012). 

Intellectual Ventures, headquartered in Belle- 
vue, Washington, chafes at the term patent troll. 
The company’s global head of technology, Pat- 
rick Ennis, points to its role in launching three 
start-up companies, and to deals it has struck 
with Caltech and other universities to sponsor 

research in exchange 


“In the end, it for ownership of the 

just camedown resulting patents as 
to money.” evidence of the firm's 
commercial activities. 


Universities often say that the goal of licens- 
ing patents is to stimulate the economy by trans- 
lating publicly funded research into companies 
and products. But the unstated aim is to make 
money to fund more research and the technol- 
ogy-transfer office itself, says Melba Kurman, 
a former technology-transfer officer at Cornell 
University in Ithaca, New York, who now works 
as a consultant. The goals are sometimes in con- 
flict. “If the goal is to monetize the patent port- 
folio, then it would make sense to auction it off 
to the highest bidder; says Kurman. “But when 
these patents cover taxpayer-funded research, 
that is not an acceptable solution” 

Finding a bidder at all can be a coup for 
technology-transfer officers, who are often 
saddled with patents that are years away > 
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> from practical application. Joy Goswami, 
assistant director of the technology-transfer 
office at the University of Delaware in New- 
ark, estimates that only about 5% of patents 
are licensed at most universities. The rest are 
a drain on office resources, he adds, because 
of required maintenance and legal fees. 

Earlier this month, at a meeting of the 
Association of University Technology Man- 
agers in Boston, Massachusetts, Goswami 
led a discussion on how to unload the 95% of 
patents that remain unlicensed. One option 
is to use a broker or auction house that spe- 
cializes in trading intellectual property. It is 
a controversial solution that some universi- 
ties are afraid to touch. “When you go to sell 
a patent, the university loses any ability to 
ensure that it’s being managed in the public’s 
best interest,” says Kelly Sexton, head of the 
technology-transfer office at North Carolina 
State University in Raleigh, which licenses 
out a relatively robust 15% of its patents. 

Thomas Major, vice-president of 
IPOfferings, a patent-broker firm based in 
Boca Raton, Florida, does not understand 
the hesitation. He spent nine years manag- 
ing intellectual property at the University of 
Utah in Salt Lake City, and says that univer- 
sities would be foolhardy to ignore auction 
houses. “When I was at the University of 
Utah, I would have sold those patents in a 
heartbeat,’ he says. 

Major says that IPOfferings has handled 
about 20 patents from universities over the 
past 3 years — roughly 7% of the firm’s total 
business. James Malackowski, chief execu- 
tive of Ocean Tomo in Chicago, Illinois, a 
company best known for its patent auctions, 
says that universities are increasingly com- 
ing to him, and represent nearly 20% of his 
business. Both Major and Malackowski say 
that their firms can place limits on who can 
buy or exclusively license a patent. Even so, 
Major says that at least one of his university 
clients abandoned that request after seeing 
how much a patent aggregator was willing to 
pay. “In the end, it just came down to money.’ 

Such decisions violate the spirit of a 2007 
memo endorsed by more than 100 institu- 
tions. Offering guidance for ethical patent 
licensing, it cites the risks of dealing with pat- 
ent aggregators. Yet the signatories include 
Caltech and three other universities that 
have licensed patents to Intellectual Ven- 
tures, according to Feldmants research: Duke 
University in Durham, North Carolina; the 
University of Florida in Gainesville; and the 
University of Ottawa in Canada. The universi- 
ties declined to comment on the patent deals. 

Caltech mathematician Peter Schréder, 
one of the three inventors on US patent 
7,023,435, is not too bothered. He would be 
troubled, he says, if Intellectual Ventures were 
using his patent to harass other companies, 
but so far he has not heard of that happening. 
“Ts not giving me heartache,’ he says. m 


472 | NATURE | VOL 501 | 26 SEPTEMB 


Mozilla plan seeks to 
debug scientific code 


Software experiment raises prospect of extra peer review. 


BY ERIKA CHECK HAYDEN 


hen ecologist Carl Boettiger wrote a 
blog post in June calling for greater 
stringency in the peer review of sci- 


entific software in research papers, he hardly 
expected to stir up controversy. But in 54 com- 
ments on the post, researchers have debated 
how detailed such reviews should be; one said 
that it was a “trifle arrogant” of Boettiger, of 
the University of California at Santa Cruz, to 
insist that computer code attain his stringent 
standards before publication. 

Now an offshoot of the Internet non-profit 
organization Mozilla has entered the debate, 
aiming to discover whether a review process 
could improve the quality of researcher-built 
software that is used in myriad fields today, 
ranging from ecology and biology to social 
science. In an experi- 


ment being run by “One worry is 
the Mozilla Science that scientists 
Lab, software engi- will be even more 
neers have reviewed discouraged 
selected pieces of frompublishing 


code from published their code.” 
papers in computa- 

tional biology. “Scientific code does not have 
that comprehensive, off-the-shelf nature that we 
want to be associated with the way science is 
published and presented, and this is our attempt 
to poke at that issue,” says Mozilla Science Lab 
director Kaitlin Thaney. 

Researchers increasingly rely on computa- 
tion to perform tasks at every level of science, 
but most do not receive formal training in cod- 
ing best practice. That has led to high-profile 
problems. Some scientists have argued, for 
example, that the fraudulent findings used as 
the basis for clinical trials in 2007 would have 
been exposed much earlier if cancer researcher 
Anil Potti of Duke University in Durham, 
North Carolina, had been compelled to pub- 
lish his data and computer code along with his 
original papers. 

More routinely, incorrect or slipshod code 
prevents other researchers from replicating 
work, and can even lead them astray. In 2006, 
Geoffrey Chang of the Scripps Research Insti- 
tute in La Jolla, California, had to retract five 
research papers on crystal structure after find- 
ing a simple error in the code he was using, 
which had been provided by another lab. 
“That's the kind of thing that should freak any 
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scientist out,” says computational biologist 
Titus Brown at Michigan State University in 
East Lansing. “We don't have good processes in 
place to detect that kind of thing in software” 

Mozilla is testing one potential process, 
deploying the type of code review that is rou- 
tinely used on commercial software before it 
is released. Thaney says that the procedure is 
much like scientific peer review: “The reader 
looks for everything, from the equivalent of 
grammar and spelling to the correctness of the 
logic? In this case, Mozilla opted to examine 
nine papers from PLoS Computational Biol- 
ogy that were selected by the journal's editors 
in August. The reviewers looked at snippets of 
code up to 200 lines long that were included in 
the papers and written in widely used program- 
ming languages, suchas R, Python and Perl. 

The Mozilla engineers have discussed 
their findings with the papers’ authors, who 
can now choose what, if anything, to do with 
the markups — including whether to permit 
disclosure of the results. Those findings will 
not affect the status of their publications, 
says Marian Petre, a computer scientist at the 
Open University in Milton Keynes, UK, who 
will debrief the reviewers and authors. Thaney 
expects to release a preliminary report on the 
project within the next few weeks. 

Computational biologists are betting that 
the engineers will have found much to criti- 
cize in the scientific programming, but will 
also have learnt from the project. They may 
have been forced to brush up on their biology, 
lest they misunderstood the scientific objective 
of the code they were examining, Brown says. 

Theo Bloom, editorial director for biology at 
non-profit publisher PLoS, shares that expecta- 
tion, but says such reviews may still be useful, 
even if the Mozilla reviewers lack biologi- 
cal expertise. Yet that would prompt another 
question: how can journals conduct this type 
of review in a sustainable way? 

The time and skill involved may justify pay- 
ing reviewers, just as statistical reviewers of large 
clinical trials are paid. But researchers say that 
having software reviewers looking over their 
shoulder might backfire. “One worry I have is 
that, with reviews like this, scientists will be even 
more discouraged from publishing their code,” 
says biostatistician Roger Peng at the Johns 
Hopkins Bloomberg School of Public Health 
in Baltimore, Maryland. “We need to get more 
code out there, not improve how it looks.” m 


SMOKE WITHOUT FIRE 


Most electronic cigarettes use a battery-operated element to vaporize 


a nicotine solution, which is then inhaled. Doses of nicotine (right) and 
toxic chemicals (bottom) from e-cigarettes are lower than from 
conventional ones. In this comparison, 15 puffs on an e-cigarette are 
assumed to be equivalent to smoking a conventional cigarette. 
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COMPARISON OF TOXINS IN CONVENTIONAL AND ELECTRONIC CIGARETTES 


Toxic compound Conventional cigarette 


(pg in mainstream smoke) 


Formaldehyde 1.6-52 
NNN 0.005-0.19 
NNK 0.012-0.11 


Electronic cigarette 
(yg per 15 puffs) 


0.20-5.61 g) 
0.00008-0.00043 
0.0001 1-0.00283 40 
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(conventional vs electronic) 


380 


NNN, N'-nitrosonornicotine; NNK, NNN and 4-(methyInitrosoamino)-1-(3-pyridyl)-1-butanone. 


Regulation stacks 
up for e-cigarettes 


Devices may be the ‘healthy’ future of smoking — or amenace. 


BY DANIEL CRESSEY 


lectronic cigarettes could save the lives 
HE: millions of smokers, or they could set 

millions of non-smokers on the path to 
nicotine addiction, revolutionizing the tobacco 
industry into the bargain. So the question on 
the lips of health experts, policy-makers and 
consumers alike is, are the devices a health 
problem that needs tight regulation, or a wel- 
come aid to smokers trying to quit? 

In less than a decade since their first appear- 
ance, electronic or e-cigarettes have become a 
multibillion-dollar industry. Although there are 
scores of different products, most operate on the 
same principle: a heating element vaporizes a 
liquid containing nicotine, which can then be 
inhaled as ‘smoke (see ‘Smoke without fire’). 

However, they are not without their dan- 
gers, and, as the number of users in the United 
States alone reaches an estimated 2.5 mil- 
lion, regulatory bodies have begun to take an 
interest. In October, the US Food and Drug 
Administration (FDA) is expected to issue a 
rule that affirms it has the authority to regulate 
e-cigarettes, overriding a previous court deci- 
sion that e-cigarettes could not be controlled as 
medical devices. The European Union is also 


overhauling its regulation of tobacco with a 
massive piece of legislation that, as currently 
drafted, will regulate most e-cigarettes as med- 
ical devices. A vote on this legislation is due in 
the European Parliament on 8 October. 

But because little research has been done 
on the effects of e-cigarettes, such moves lack 
a solid scientific grounding. It is generally 
accepted that the devices are safer than conven- 
tional cigarettes, although studies by the FDA 
and Health New Zealand, a research consul- 
tancy based in Christchurch, have shown that 
some brands contain carcinogens and other 
toxic chemicals, including diethylene glycol 
and N-nitrosamines (A. D. Flouris and D. N. 
Oikonomou Br. Med. J. 340, c311; 2010). 

If e-cigarettes are used in moderation, the 
nicotine doses they provide may be lower than 
those attained from smoking cigarettes. But 
although the devices are smoke-free, nicotine 
itself causes high blood pressure and palpita- 
tions, and is highly addictive. Little is known 
about the long-term effects of e-cigarette vapour. 

Some experts think e-cigarettes are a sav- 
iour. “They may kill smoking as we know 
it,” says Peter Hajek, director of the Tobacco 
Dependence Research Unit at Barts and the 
London School of Medicine and Dentistry. 
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“That's the biggest hope we have of ending the 
tobacco epidemic.” 

But as big tobacco companies have piled into 
a market worth more than US$2 billion world- 
wide, regulators have failed to keep up, in part 
because the chemicals in e-cigarettes vary so 
widely. Some countries, such as Norway and 
Brazil, have banned the products. But in the 
United States, e-cigarettes are currently regu- 
lated only if they are marketed as quitting aids. 
The United Kingdom has said it will regulate 
them as medicines — meaning they will have 
to meet strict quality standards — but its regu- 
lator, the Medicines and Healthcare Products 
Regulatory Agency, is holding fire until the 
new European rules are in place. 

The decisions that regulators make will shape 
not just the future of the industry but also the 
public-health response — and scientists both 
for and against e-cigarettes have waded into 
the debate while regulation is still up in the air. 

“Right now, electronic cigarettes are the 
triumph of wishful thinking over data,’ says 
Stanton Glantz, a tobacco-control researcher 
at the University of California, San Francisco, 
who thinks that the products should be regu- 
lated. He points to a report released earlier this 
month by the US Centers for Disease Control 
and Prevention in Atlanta, Georgia, that shows 
some children who have never smoked ciga- 
rettes are using e-cigarettes, suggesting that 
the devices may be a gateway product. And 
he notes that several surveys have reported 
high levels of smokers using both cigarettes 
and e-cigarettes, indicating that the products 
are being used to sustain nicotine addiction. 
The use of vapour flavourings, such as vanilla, 
could also be seen as an attempt to prolong use 
and appeal to younger consumers. 

Other scientists, such as Hajek, say that reg- 
ulating e-cigarettes as medical devices would 
bea disaster. He believes that the cost of com- 
plying with rules for medical devices would 
allow big tobacco companies to dominate the 
nascent e-cigarette industry, squeezing out 
innovative new products. 

“To overregulate now could threaten the 
existence of e-cigarettes and cut down the 
options for people who want to quit,” agrees 
Christopher Bullen of the National Institute for 
Health Innovation at the University of Auck- 
land in New Zealand. He was the lead author 
on a study published this month showing 
that e-cigarettes were as effective as nicotine 
patches in helping smokers to quit (C. Bullen 
et al. Lancet http://doi.org/nq8; 2013). 

Vaughan Rees, a tobacco researcher at 
Harvard School of Public Health in Boston, 
Massachusetts, thinks that e-cigarettes need to 
improve before they can replace cigarettes — 
and that, for now, they should be regulated as 
tobacco products. Although they do present an 
opportunity to improve public health, he adds, 
care needs to be taken to ensure that they dont 
flourish alongside conventional cigarettes. 
“Then we've got a double problem,’ he says. = 
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Interface superconductivity 
found in single crystal 


Iron-based compound revives search for room-temperature superconductors. 


BY EUGENIE SAMUEL REICH 


in the repertoire of scientists who study 

superconductivity. Stack two materials, 
even insulators, on top of one another and 
voila: a dramatic drop in electrical resistance 
can emerge between them. The negligible 
resistance of superconducting materials, sought 
for applications such as highly efficient electric 
grids, typically emerges at temperatures close 
to absolute zero — and only in certain materi- 
als. But physicists have shown that the stacking 
effect, called interface superconductivity, can 
occur at temperatures up to almost 80 kelvin. 

Now, a researcher says that interface super- 
conductivity can exist in a single crystal of an 
iron-based superconductor. The discovery will 
rejuvenate work on a family of compounds that 
first showed high-temperature superconduc- 
tivity in 2008, but in recent years had seemed 
to disappoint. 

“This is something conceptually very new,” 
says Anvar Zakhidov, a physicist at the Univer- 
sity of Texas at Dallas. “It raises fundamental 
questions that people will jump on.” 

The provocative result comes from a super- 
conducting pioneer: Paul Chu of the University 
of Houston in Texas. In the 1980s, he helped to 
discover the first high-temperature supercon- 
ductors, a family of copper-containing com- 
pounds (see ‘All in the family’). In a paper posted 
on the arXiv preprint server on 30 August’, Chu 
and his colleagues now report their work on an 
iron-based crystal that generally superconducts 
at 30 kelvin — but that contains small regions 
that superconduct at 49 kelvin. Chu proposes 
that the effect is the result of many interfaces 
forming tens of nanometres apart within these 
regions (see ‘At the interface’). 

If that is the case, it would be the first time 
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Crystals of an iron compound may contain regions that superconduct at higher temperatures than the bulk. 


that interface superconductivity has been 
detected in a stable, stand-alone crystal, 
instead of at the interface between separate 
materials that often deteriorate on heating. 
Physicists searching for a material that super- 
conducts at room temperature (290 kelvin or 
more) have been disappointed before: almost 
three decades of work with the copper com- 
pounds have failed to produce one. After iron- 
based superconductors burst onto the scene 
in 2008, chemists began tweaking them, and 
quickly brought superconducting temperatures 
above 50 kelvin. But then progress plateaued. 
That changed in February last year’, when 
physicists at Tsinghua University in Beijing 


reported interface superconductivity at about 
80 kelvin — above the temperature of liquid 
nitrogen. They had layered iron selenide, the 
simplest iron-based superconductor, with 
strontium titanate, a well-known insulator. 
“This was stunning — the fact that we are able to 
construct new superconductors artificially,’ says 
Jean-Marc Triscone, a condensed-matter physi- 
cist at the University of Geneva in Switzerland. 

But Chu’s result goes further. He has 
reported the effect in a single crystal of a 
calcium-iron-arsenide compound doped 
with rare-earth elements, and suggests that the 
interfaces sit between regions that are enriched 
and depleted with arsenic. 
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JOHNPIERRE PAGLIONE 


ULLSTEINBILD/TOPFOTO 


If correct, the result would show that interface 
superconductivity is consistent with a mecha- 
nism first advanced in 1973, which helps to 
explain low-temperature superconductivity. 
Proposed by US physicist John Bardeen and 
his colleagues, it posits that superconducting 
electron pairs are held together by an exciton, a 
particle produced by the scattering of electrons 
off a boundary. This does not explain all high- 
temperature superconductivity, but exploring it 
further might shed light on mechanisms that do. 

Superconductivity is a field with a long his- 
tory of mistaken claims and false hopes, and so 
it is unsurprising that Chu’s result is provok- 
ing controversy. Critics say that it is difficult to 
measure superconductivity along narrow inter- 
faces, let alone inside a crystal. And Johnpierre 
Paglione, a condensed-matter physicist at the 
University of Maryland in College Park, is dubi- 
ous for a different reason. In 2012, he and his 
team reported’ a higher-than-expected super- 
conducting temperature for regions within the 
same material. But in a paper posted on arXiv 
on 13 September’, the researchers say that what 
they saw is a bulk property of these regions, 


ALL IN THE FAMILY 


Superconducting temperatures have 
risen as new classes of material have 
been found. 


BEE 4.2 kelvin: Mercury. 


Superconductivity first discovered by 
Heike Kamerlingh Onnes (pictured). 


LEET39) 30 kelvin: Barium lanthanum 
copper oxide. First copper-based high- 
temperature superconductor. 


| 1993 | 133 kelvin: Mercury barium 


calcium copper oxide. Record high- 
temperature superconductor. 


AUIS 26 kelvin: Lanthanum 
iron arsenide. First iron-based high- 
temperature superconductor. 


PALE 50 kelvin: Layered insulating 
and metallic copper oxide. One of the first 
interface-enhanced superconductors. 


| 2013 | 49 kelvin: Calcium iron 


arsenide doped with rare-earth 
elements. Claimed single-crystal 
interface enhanced superconductor. 
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AT THE INTERFACE 


Nanoscale layering in an iron-based crystal 
could enhance its superconductivity. 


Bulk of crystal 
superconducts at 
30 kelvin 


=] small regions 
L 
superconduct 
at 49 kelvin 


Tens of nanometres 


Nanoscale layers may be responsible 
for the enhancement 


caused by the doping with rare-earth elements, 
rather than an interface effect. 

If the superconductivity was related to inter- 
faces, Paglione says, he would not expect it to 
disappear when the doping is reduced — which 
it does. Instead, Paglione suggests that strain in 
certain regions of the crystal enhances super- 
conductivity. Chu responds that doping above 
a certain level helps to create interfaces by push- 
ing arsenic atoms out of the structure. 

Ivan Bozovic, a physicist at Brookhaven 
National Laboratory in Upton, New York, 
who in 2008 created one of the first interfaced 
superconductors, raises another possibility. He 
says that the superconductivity might not be an 
interface effect; instead, it could be attributable 
to a structural change inherent to the arsenic- 
depleted regions. He would like to see whether 
Chu can isolate these regions to study them fur- 
ther — and perhaps use them to create other 
interfaces. “We've been looking for new super- 
conductors for 100 years and interface super- 
conductivity is a new trick,” says Bozovic, “so 
there’s a lot of room for new combinations.”— 


1. Wei, F. Y. et al. Preprint at http://arxiv.org/ 
abs/1309.0034 (2013). 

2. Wang, Q.-Y. et al. Chin. Phys. Lett. 29, 037402 
(2012). 

3. Saha, S. R. et al. Phys. Rev. B 85, 024525 (2012). 

4. Saha, S. R. etal. Preprint at http://arxiv.org/ 
abs/1309.3576 (2013). 


CORRECTIONS 

The scale on the graph showing German 
science spending in the News story 
‘Germany hits science high’ (Nature 501, 
289-290; 2013) had an incorrect scale. 

It should have run from €0 to €15 billion 
not €0-1.5 billion. And the News story 
‘Grass gets greener’ (Nature 501, 291; 
2013) incorrectly identified the grain that 
produced high yields when grown in a field 
that previously hosted Brachiaria grasses. It 
was maize (corn), not wheat. 
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HE 


TARI-UP 


ENGINE . 


Third Rock Ventures made its name by 
placing big bets on the biotechnology 
companies it launched. Now, everyone 
is waiting for the pay-off. 


BY HEIDI LEDFORD 


DANA SMITH 


ioengineer Mikhail Shapiro got a rude shock one day when 

he arrived for work at Third Rock Ventures, then a brand- 

new venture-capital firm headed by a handful of biotech 

elites. Only three weeks into his internship, Shapiro found a 
notice on the door: “Closed for business.” Inside, ‘For sale’ signs hung 
on desks, equipment, everything — even the office’s giant gumball 
machine. The company had folded, a note explained, because it could 
not raise enough money. 

Kevin Starr, a partner at Third Rock, still beams with pride over 
that 2007 prank, which he and his confederates had filmed to capture 
Shapiro’ reaction. “You could tell Mikhail was thinking, ‘I knew that 
was going to happen to these guys!’” he recalls. 

Few would fault Shapiro, now a professor at the California Institute 
of Technology in Pasadena, for his credulity. By 2007, the technology 
bubble of the early 2000s had burst, and investors were baulking at the 
long timelines and high failure rates involved in getting biotechnol- 
ogy products to the market. People laughed, says Starr, when he and 
Third Rock's other founders told them that the company wanted to raise 
US$378 million to create an investment fund to build biotech companies 
from scratch. “They advised us to aim for about a tenth of that.” 

But Third Rock, based in Boston, Massachusetts, did raise its ini- 
tial fund, and it has not slowed down since. The company has brought 
in $1.3 billion and invested in more than 30 young companies, many 
based on cutting-edge research in fields such as cancer epigenetics, gene 
therapy and medical diagnostics (see ‘Due diligence’). 

Products are only just starting to trickle out into clinical testing, but 
this year brought several signs that the firm has bet well. In January, 
Third Rock sold off Lotus Tissue Repair — a tissue-engineering com- 
pany with an experimental therapy for a devastating rare disease that 
weakens skin. The deal could garner a 20-fold return for Third Rock 
if Lotus meets certain milestones. In March, Third Rock’s third round 
of funding — $516 million to launch up to 16 more companies — had 
so many aspiring investors that the firm had to turn some away. And 
this summer, two of Third Rock’s companies went public, their share 
prices soaring the moment they hit the market. As Nature went to press, 
a third firm — cancer diagnostics company Foundation Medicine in 
Cambridge, Massachusetts — was preparing 
to follow suit. 

“For a long time, people said investing in 
these early-stage companies was not a great 
idea,” says Robert Langer, a bioengineer at the 
Massachusetts Institute of Technology (MIT) in 
Cambridge who has spun off dozens of compa- 
nies from his research (see Nature 458, 22-24; 
2009). “Third Rock has taken that risk and I 
think it’s paying off? 


LAID-BACK BIOTECH 

Since 2007, Third Rock has expanded its offices 
on Boston's trendy Newbury Street — a neigh- 
bourhood filled with high-end boutiques and cafes. On a flaming day 
this summer, Starr sits in his office arrayed in silver jewellery, camou- 
flage shorts and a green T-shirt that reads “Beach Punk 1982”. A stand- 
ard business shirt bides its time on a hanger behind the door. 

Starr's laid-back style has found lots of attention in the business press, 
and it serves as a reminder that he does not have to be here. In 2003, he 
left a post as chief operating officer of Millennium Pharmaceuticals, 
a Cambridge-based biotech powerhouse that had just launched the 
blockbuster cancer drug Velcade (bortezomib). Millennium founder 
Mark Levin retired some time after Starr, and the two did the usual 
things that young retirees with plenty of money 
do — travelling the world and producing inde- 
pendent films and Broadway shows. In 2006, 
Starr says, during an annual pilgrimage to the 
golf courses and blackjack tables of Las Vegas, 
Nevada, Levin turned to him and said, “Hey 


Kevin Starr (right) and 
Mark Levin founded 
one of the hottest 
venture-capital firms 
in biotechnology. 


“YOU'RE INA 
COMMERCIAL SETTING, 
BUT THE RIGOUR OF 
THE SCIENCE WAS AS 
HIGH AS IT WAS AT MIT 
OR CALTECH.” 
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Kev, why don't we just go do something again?” 

Venture capital has a pivotal role in transforming science into medi- 
cal advances, supporting companies during the long, lean, research- 
intensive years before they have any hope of turning a profit. In the 
United States, biotech soaks up billions of dollars in venture capital each 
year, second only to the software industry. In the mid-2000s, infusions 
into fledgling companies made up just a tiny fraction of that investment. 
Most of the money was going to established companies, often with prod- 
ucts already in clinical testing. But the pharmaceutical industry was 
tightening internal research budgets and looking to small biotechnol- 
ogy firms for new medicines. 

Amid that changing landscape, Starr and Levin saw an opportunity. 
There would be demand for innovative biotechnology companies, yet 
few venture capitalists were in a position to fill it. Through a series of 
meetings at Starbucks, Levin and Starr assembled a skeleton crew of 
biotech nobility and mapped out their ideal venture-capital firm. 


STANDING OUT 

Levin, Starr and Bob Tepper, former head of research and development at 
Millennium, wanted to do things differently from typical venture capital- 
ists, who sift through ideas and business proposals from external research- 
ers, help to set up a company and then hand over control to a newly 
recruited executive team. Starr says that he and his co-founders wanted 
to recreate some of the magic they had felt at Millennium, carrying over its 
‘anything is possible mantra. They would hire only the best people, even if 
that meant interviewing candidates for months. And, rather than relying 
on proposals from the outside, they would focus on the hottest science, 
mostly investing in companies conceived by Third Rock’s team. “Last year 
we saw 982 outside plans,” says Starr. “We invested in zero.” 

All venture capitalists need to understand the science behind their 
investments, but Shapiro, who has since worked with other venture- 
capital firms, says that Third Rock is unique in how far its members 
personally immerse themselves in the details. “It’s a bunch of nerds,” he 
says. “You're in a commercial setting, but the rigour of the science was 
as high as it was at MIT or Caltech.” Of the more than 40 employees now 
at Third Rock, only Levin, a chemical engineer by training, had worked 
in venture capital before. The rest had trained 
in the trenches as scientists, physicians and bio- 
tech business leaders. “They have decades of 
real, hands-on experience,’ says Michelle Dipp, 
a venture capitalist at the Longwood Fund in 
Boston. “It’s an incredibly talented team” 

Third Rock also takes its time handing over 
the reins of its companies to outside execu- 
tives; it often waits 18 months or longer. That 
is important for luring top talent, says Langer. 
“A lot of good chief executives are not willing 
to take the risk with a new company,’ he says. 
“With Third Rock, rather than getting the com- 
pany when it’s anewborn baby, a new executive 
is getting a pretty active 2-year-old” 

Finding newborns to raise means exploring promising ideas, some- 
thing that Third Rock spends about one-third of its time doing. Those 
that pass muster get up to $2 million and must go through a rigorous and 
lengthy screening process that employees refer to as the “Third Rock Ultra 
Killer Kriteria (TRUKK). Independent labs must be able to replicate key 
findings and find no warning signs of toxicity for drug candidates. 

Third Rock also circulates the project idea to contacts at large phar- 
maceutical firms. If those companies have internal scientists working 
on the same project, Third Rock generally will not try to compete. Or if 
pharmaceutical insiders say that they like the idea but would not invest 
in it without seeing data from late-stage clinical trials, the project is 
scrapped. For all the talk of how anything is possible, Third Rock is 
ruthlessly practical. 

To meet the TRUKK, a project must be no more than about three 
years away from clinical testing — a brutal necessity of the ten-year 
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funding cycles of venture capital, says Starr. This can mean painful deci- 
sions. A few years ago, the team evaluated the therapeutic promise ofa 
class of gene regulators called long non-coding RNAs. The field is hot 
and the team loved its potential, but it was not close enough to the clinic 
to serve as the basis for a Third Rock company. 

Although draconian on paper, Third Rock has bent its rules for some 
early investments. Agios Pharmaceuticals in Cambridge develops drugs 
to target metabolic changes that fuel tumours. It was among the first 
companies Third Rock backed, in 2007, but it was August 2013 before 
the firm began clinical trials on its lead compound — a drug to combat 
tumours that contain mutations in the metabolic gene IDH2. 

Agios’s chief executive, David Schenkein, says that the company’s 
early drug leads did not work, forcing scientists to develop new candi- 
dates from scratch, but he has felt no pressure from Third Rock about 
the revised timeline. Starr says that Third Rock factors a few setbacks 
like this into its calculations. And when Agios went public in July, inves- 
tors showed that the delay did not concern them either: Agios made 
$106 million and its stock rose 56% on the first day of trading. 


DANGEROUS PRECEDENT 

Some will watch companies such as Agios carefully, mindful of the his- 
tory of Millennium Pharmaceuticals. Millennium was founded in 1993, 
intended — like many of Third Rock’s companies — to be a ‘product 
engine: a company based ona single scientific premise or technology 
that could generate multiple therapies. In Millennium’s case, that prem- 
ise was personalized medicine grounded on emerging human genomics 
data. That mission failed and, as with other firms of the era, Millennium’s 
internal research programme foundered, burning 


up cash in the process. But the company diduse NATURE.COM 

its expertise to identify promising drug candidates _ Is the biotech bubble 
from outside firms, bringing them into Millennium __ ready to burst? See: 
for the final stages of development and marketing. _go.nature.com/hxtggd 
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1. Constellation Pharmaceuticals 
Targets proteins that regulate the genome 
epigenetically, such as the methyltransferase 


Aims to identify effective antibody treatments 


Develops tools to profile cancers genetically 
and better match patients to therapies. 


Develops systems to perform real-time 
pathology on patient tissues without the need 


2. Seventh Sense Biosystems 
Works on devices to track patient health by 
monitoring changes in the skin. 


has a portfolio of more than 30 companies that are developing drugs and therapies in several fields. 


METABOLIC DISEASES 


1. Ember Therapeutics 
Develops diabetes and obesity drugs based 
on activating brown-fat stores in the body, 
among other mechanisms. 


2. Zafgen 
Targets the enzyme methionine 
aminopeptidase 2, which regulates how the 
body metabolizes fat. 


3. Rhythm 
Develops peptides to tackle obesity by 
regulating appetite-stimulating hormones. 


OTHER 


1. Edimer 
Works on X-linked hypohidrotic ectodermal 
dysplasia, which is associated with respiratory 
problems and a lack of sweat glands. 


N 


bluebird bio 

Develops gene-therapy approaches to treat 
conditions such as sickle-cell anaemia and 
childhood adrenoleukodystrophy. 


Is testing a catheter-based approach to control 3. Afferent Pharmaceuticals 
symptoms of cardiovascular diseases, diabetes 
and renal failure by modulating the 
sympathetic nervous system. 


Targets a nerve receptor called P2X3 to 
treat chronic pain conditions associated 
with inflammation and injury. 


Long-term investors benefited: in 2008, the Japanese pharmaceutical 
company Takeda, based in Osaka, bought Millennium for $8.8 billion. 

There may be debate about whether Millennium was a scientific suc- 
cess, but there is no doubt that the company had a tremendous impact 
on the booming Boston-Cambridge biotechnology industry. Former 
employees sit at or close to the helms of biotech companies across the 
region. They are often quick to credit Levin and the culture he created 
at Millennium. “We came in as scientists,” says Rosana Kapeller, once 
director of molecular and cellular biology at Millennium and now chief 
scientific officer of Nimbus Discovery, a pharmaceutical company in 
Cambridge. “We left as entrepreneurs.” 


BRIGHT PROMISE 
That environment allowed Millennium to succeed even after its initial 
mission failed, says Starr. “We built a company with the right formula 
and culture to be a successful long-term company, he says, “as opposed 
toa company that just stuck with one model and ran right into the wall” 

Agios may be echoing Millennium in that respect. In addition to 
developing new compounds, it last year broadened its mission to include 
genetic diseases of metabolism. The firm has developed a compound 
that will enter clinical testing next year in patients with pyruvate kinase 
deficiency, a rare metabolic condition that causes severe anaemia. 

Years will pass before Third Rock’s success — whether measured in 
medical breakthroughs or in cash returns to investors — can be assessed. 
But people familiar with the team are certain of one thing: the pranks 
will continue. Asked to confirm the details of the joke that Starr played 
on him in 2007, Shapiro was confused. “Which one?” he asked. 

“It’s a really high-powered group of people with an incredible track 
record of achievement,’ he says. “But it’s also a group of people who don't 
take themselves too seriously.’ m 


Heidi Ledford reports for Nature from Cambridge, Massachusetts. 
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UGEANOGRAPEY'S BILLION- 


Amammoth undersea US project will soon start streaming data to researchers. 
But some wonder whether the system is worth its high price. 


BY ALEXANDRA WITZE 


na sunny day in July, it takes 90 minutes for the R/V Thomas G. 

Thompson to traverse the locks connecting Seattle’s inland waters 

to Puget Sound. On deck, John Delaney looks impatiently out 

to sea. As an oceanographer at the University of Washington in 
Seattle, he has made this trip many times to explore beneath the Pacific's 
waves. But Delaney hopes that this seven-week expedition will be the 
beginning of the end for these time-consuming journeys. “We don't 
want to be ship-bound,’ he sighs. Instead, he is spending money — a lot 
of money — to open a permanent window onto the sea floor. 

Delaney is the architect behind a 925-kilometre network of fibre-optic 
cable and instruments being installed on the seabed off the coast of Wash- 
ington and Oregon. If all goes according to plan, these will stream real- 
time data back to shore by 2015, delivering some of the first live video 
footage ofan underwater volcano erupting, hydrothermal vents growing 
and clouds of microbes billowing from the sea floor. The cabled network 
is a key part of the massive US Ocean Observatories Initiative (OOI), 
which aims to create a flood of continuous information from select sites. 

Oceanographers have long relied on brief glimpses of data from single 
research cruises or isolated buoys or moorings. The OOI, and Delaney, 
aim to exchange those flashes of insight for a constant spotlight. “The 
goal is to launch an era of scientific discovery,’ Delaney says, thumping 
his fist on the ship’s deck rail. “This is a game-changer.” 

Many US oceanographers have not yet considered just how the OOI’s 
broad scope and potential might affect their research. But some who 
have been watching its development closely warn that the project is 
an expensive gamble. Construction costs will run to US$386 million, 
and the programme will then consume about $55 million per year for 
operations and maintenance. By the end of its planned 25-year lifetime, 
the OOI will have cost nearly $1.8 billion — an unprecedented price tag 
in oceanography. 

The running costs will eat up about one-sixth of the annual budget 
for ocean sciences at the US National Science Foundation (NSF), and 
that proportion could increase. “That money is being pulled right out 
of what could otherwise be allocated for peer-reviewed science,” says 
Charles Eriksen, an oceanographer at the University of Washington who 
is not involved with the project. Critics also complain that the OOI sites 
cover only a fraction of a per cent of the world’s oceans. 

Such objections hold little water with Delaney. “People say cables are 
expensive,’ he says. “Well, ships are expensive too.’ The hour and a half 
it takes to traverse Seattle's locks costs the University of Washington 
roughly $4,000. 


TELECOM SPIN-OFF 

The OOI sprouted from a germ of an idea planted by Delaney and Alan 
Chave, an ocean scientist now at the Woods Hole Oceanographic Insti- 
tution (WHOD) in Massachusetts. It was the early 1990s, and Delaney 
was frustrated with getting only enough ship time to visit the sea floor 
for a day or two every couple of years. Chave had been working for the 
US telecommunications giant AT&T, and he suggested hooking a piece 
of old telephone cable up to instruments on the seabed. The fibre-optic 
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cable would provide electricity and stream data back to shore. “This is 
transformational,’ Delaney thought. 

The idea of a permanent oceanographic observatory slowly gathered 
steam at the NSE, and by 2007 the agency had decided to invest some 
$330 million in the concept. The problem was working out exactly what 
to build. To qualify as a national facility and justify the cost, the observa- 
tory needed to expand beyond sea-floor cables to include instruments 
that could plumb the full depth of the water column. OOI proponents 
initially dreamed up an observatory on steroids: multiple cabled arrays 
along with more than a dozen coastal and deep-water sites. Not surpris- 
ingly, the final project design cut back on most areas. “You have to build 


what you can afford,’ says Deborah Kelley, a 
“THE GOALIS TO marine geologist at the University of Wash- 
ington and an OOI project scientist. 
[ AU N CH AN FR A After input from hundreds of researchers, 
the project team settled on three main com- 
OF SCIENTIFIC ponents (see ‘A mega-ocean observatory’). The 
first, and most ambitious, is the fibre-optic net- 
DISCOVERY. work southwest of Seattle, most of which has 
now been laid. This will connect dozens of sea- 
TH IS IS A G AM F- floor instruments across the Juan de Fuca tec- 
tonic plate, which slides under North America 
CH AN G E R.” and drives seismic activity along the west coast 
from northern California to Vancouver Island 
in Canada. The instruments will focus on an active underwater volcano 
called Axial Seamount, and a formation called Hydrate Ridge, where 
methane vented from the sea floor feeds a unique ecosystem. 

The second component involves laying an array of moorings to sup- 
port instrumentation off the east and west coasts of the United States. 
Ineach array, automated profilers will shuttle up and down cables meas- 
uring chlorophyll, oxygen and other factors from the sea floor to the 
surface. Six gliders will rove between moorings to make similar meas- 
urements. The third part of the project will use moorings and gliders 
to monitor four deep-water sites in the far north and south. These six 
sites will be run by WHOL the Scripps Institution of Oceanography in 
La Jolla, California, and Oregon State University in Corvallis. 

Together, these stations will marshal the forces of about 760 sensors, 
of 47 different designs, to collect data on variables ranging from water 
temperature, salinity and density to acidity, carbon dioxide and oxygen 
levels. “One of the most transformational things is how interdisciplinary 
it will be,” says Kelley. 

Elsewhere, similarly ambitious oceanographic observatories are 
already in use. Japan has two dense sea-floor observatories — DONET 
and DONET2 — with a focus on earthquake and tsunami studies. And 
many nations operate networks of buoys: the international Argo project 
has an array of more than 3,000 floats. The OOI will collect a broader 
selection of data than those efforts. In Canada, a cousin to the OOI 
has been up and running since late 2009. That project, called NEP- 
TUNE Canada, involves 800 kilometres of fibre-optic cable laid on the 
northern part of the Juan de Fuca plate. The Canadian government 
has spent Can$200 million (US$194 million) on sea-floor observato- 
ries. The OOT’s cabled observatory will be very similar, but because it is 
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A MEGA-OCEAN OBSERVATORY 


The US Ocean Observatories Initiative includes one 
sea-floor cable observatory (called Regional Scale 
Nodes), four deep-sea sites, and two coastal arrays 
of instruments; but together, this covers only a 
fraction of a per cent of the world's oceans. 
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getting a later start, it will have newer designs of sensors and moorings, 
says Kate Moran, president of Ocean Networks Canada, which oversees 
NEPTUNE Canada. 

It is these sensors that Delaney is dreaming of as the R/V Thompson 
reaches the Axial volcano in July. When the captain pulls the ship to 
a halt above the underwater mountain, engineers manoeuvre a boxy 
yellow submersible called ROPOS down into the water. From 1,500 
metres below the ocean surface, it sends back a murky video feed of an 
eight-metre-high mineral chimney, its sides festooned with microbial 
growth, its top spouting shimmering hot water. 


SNAPSHOT SCIENCE 

Visiting Axial like this costs almost $70,000 a day and provides only a 
snapshot of the volcano’s behaviour. Oceanographers have, in the past, 
dropped off seismometers and hydrophones at Axial and retrieved them 
later, allowing them to study an eruption after the fact. And, in 2011, an 
expedition led by the US National Oceanic and Atmospheric Adminis- 
tration happened to arrive just months after the volcano erupted, pro- 
viding scientists with a fortuitous opportunity to study fresh lava flows. 
But sightings of underwater eruptions are rare, even though this is the 
most common type of volcanism on Earth. 

Axial is expected to erupt again within a decade and OOI research- 
ers plan to catch it in the act. A bottom-pressure tiltmeter will meas- 
ure gradual changes that could indicate that the volcano is inflating, 
and a cutting-edge mass spectrometer will sniff the water for hints of 
magma rising from below. When an eruption seems imminent, a fleet 
of gliders could be deployed to study chemicals in the water column. 
A high-definition video camera, installed this summer, will watch a 
hydrothermal vent on Axial’s flanks. All this should yield details about 
how magma reaches the volcanos summit, how that relates to seismic 
activity, and how organisms living in this extreme environment deal 
with an eruption. “There are so many questions we don't have answers 
to,’ says Kelley. 

Delaney says that the $126-million cabled observatory is the only 
way to spy on Axial properly. The OOI’s investment in other parts of 
the ocean will also gather data that cannot be obtained using existing 
equipment, says Tim Cowles, programme director at the Consortium 
for Ocean Leadership, the organization in Washington DC that is over- 
seeing the OOI. 

The four high-latitude deep-sea moorings, for example, will help to 
study the exchange between air and water where powerful winds whip 
the sea surface into a froth. Weather forecasters and climate modellers 
need better information on how energy and gas move between the deep 
ocean, the sea surface and the atmosphere. But because oceanographic 
equipment tends to take a beating in fierce weather, measurements are 
few and far between at high latitudes. A team led by Uwe Send at Scripps 
deployed 57 instruments at a site in the Gulf of Alaska in July, making 
it the first deep-sea OOI site to be completed. 

The coastal arrays, meanwhile, should be useful for studies of algal 
blooms. Gradual changes in near-surface temperatures can drastically 
affect how phytoplankton blooms form in the spring, but catching such 
changes in the act is tricky, says Kendra Daly, a biological oceanographer 
and OOI project scientist at the University of South Florida in St Peters- 
burg. “We have no ability to predict exactly when that will happen, so 
it’s hard to get ship time to be out there right when the bloom starts 
and ends,’ she says. Measuring nutrient concentrations and primary 
productivity on the spot will allow researchers to better quantify how 
much carbon dioxide is absorbed by blooms, which has implications for 
understanding how biological systems interact with climate, Daly says. 

To even start to tackle these science questions, the OOI team will need 
to get its instruments into the water before a tight deadline of Febru- 
ary 2015. After that, the money available to complete the job will dry 
up. “All those things that have to happen in the last six months of the 
project do make all of us nervous,’ says Cowles. The project’s schedule 
has been frantic since 2009, when the OOI received an initial input of 
almost $106 million from the government stimulus bill enacted in the 
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wake of the economic recession. That infusion of funds was welcome, 
but it left the team scrambling to get everything in place. “It kicked us 
out of the gate ahead of schedule, and we've been trying to catch up ever 
since,’ says Cowles. 

Atleast one hurdle stands in the way of a timely completion. For now, 
the team led by the University of Washington can’t connect the instru- 
ments it has deployed to the backbone power-and-data cables leading 
to the shore. The NSF requires that the company that made the cables, 
L-3 MariPro of Goleta, California, ensure that they are in proper work- 
ing order before handing them over, and L-3 MariPro is running behind. 
Delaney’s team had to shorten this summer's field season and bank some 
of its ship days for 2014, intending to connect the instruments then. 

And there are other, bigger worries. One is the daunting cost of main- 
tenance. OOI sites are slated to be serviced every one, three or five years 
— depending on the equipment — which will run up a hefty ship-time 
bill. And unforeseen glitches are bound to strike. NEPTUNE Canada has 
run into major technical issues, including the failure of kilometres-long 
segments of cable and instruments that stopped 
working after just a year on the sea floor. 

Ensuring data quality is also a concern. 
“That's the big worry in my mind,’ says Doug- 
las Luther, an oceanographer at the Univer- 
sity of Hawaii at Manoa and an OOI project 
scientist. The OOI’s cyberinfrastructure team 
is developing automated algorithms to flag 
up any obvious problems — such as sensors 
that record temperatures hundreds of degrees 
above those of neighbouring devices — but 
there is currently no money to fund a big qual- 
ity-control team. 

Another question is how much demand 
there will be for the data. Not everyone will be 
able to abandon field trips in favour of using 
the OOT’s instruments. Microbial oceanographer Julie Huber of the 
Marine Biological Laboratory in Woods Hole studies microbes living 
on and in Axial volcano. The OOI’s cabled network isn’t much use to 
her — so far there is no instrument she could plug in for her microbial 
monitoring. “It doesn't replace me having to go out there,” she says. 


BY THE END OF 
ITS 25-YEAR 
LIFETIME, THIS 
OBSERVATORY 
WILL HAVE 
COST NEARLY 
$1.8 BILLION. 


OCEAN OUTREACH 

The OOTs leaders could follow the example of their northern colleagues. 
Canada’s undersea cabled networks, which cost Can$16 million annu- 
ally to run, have nearly 8,000 active data users per year, which is right 
around the level their funders wanted to see. In large part, that is because 
Ocean Networks Canada employs six staff scientists to reach out to 
researchers and educators with suggested ways to use the data. “Users 
just don’t come — you have to work at it,” says Moran. So far, the OOI 
has no formal outreach plan. 

There are also fears that NSF programme managers will feel under 
pressure to fund projects that use OOI data, in order to validate its cost. 
“Mostly, we'll be paying a lot of money trying to make this hardware a 
success,’ says Russ Davis, an oceanographer retired from Scripps who 
helped to develop key floats for the Argo array. “If it isn't awfully won- 
derful, it’s going to look bad for the NSF and be bad for science?” 

For Delaney, the OOI’s potential outweighs such concerns. As the 
Thompson makes its way across the Pacific, leaving the underwater vol- 
cano behind, he muses about the interconnectedness of the oceans. “A 
single ship can only be in one place at one time,” he says. “We need to be 
present in multiple places in multiple times” 

That omnipresent capability is what the OOI is all about. And if it 
costs a lot of money, Delaney wants the research community to keep the 
sums involved in perspective: NASA, for comparison, spends billions 
each year. “Our investment in the ocean is way below our investment in 
outer space,” he says. “But the return is much greater.’ m SEE EDITORIALP.461 


Alexandra Witze reports for Nature from Boulder, Colorado. 
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LABORATORY FOR MICRO-OPTICS UNI. FREIBURG 


Optofluidic chips must meet demanding industry specifications before making it to market. 


Bridging th ket g 
Physicists and engineers must do more than peddle ideas if their 
technologies are to translate effectively beyond the lab, says Hans Zappe. 


arlier this year, I witnessed a scout from 
E: consumer electronics firm visiting a 
university lab to assess a prototype 
optical chip for potential investment. Holding 
the fluid-filled device between his fingers, and 
with an eye on the postdoc who had produced 
it, the visitor gently shook it. Nothing hap- 
pened. He shook it more violently. Still no 
leaks. The postdoc smiled. The scout threw 
the chip to the floor. Coolly, the researcher 
picked it up, placed it under a microscope and 
showed the guest that it still worked perfectly. 
The prototype was surely well advanced. 
The researcher's smile faded some weeks 
later, when a development contract from 
the electronics firm arrived in the post. The 
contract made it clear that the two parties had 


disparate views on what they considered to be 
advanced. The industrial partner imagined 
paying for 100 fully characterized and func- 
tioning samples and instructions on how 
to make them — to be delivered as soon as 
possible. The university partner looked at 
the long list of specifications, ranging from 
sub-freezing storage temperatures to device 
lifetimes measured in years, and realized that 
much more effort would be required. Only 
then did the difficult development work 

begin: setting out a 


detailed programme in 
See Scientific which the performance 
American's of the chips could be 
innovation special: tested, assured and 
delivered. 


It is a familiar tale. Although translational 
research is established in biomedicine, 
yielding many commercial pharmaceuticals 
(see Nature 453, 830-831; 2008), technol- 
ogy translation is still a big problem in the 
physical, chemical and biological sciences, 
and in engineering (see ‘Patent problem). 
There can be a yawning gulf between an 
exciting result that is suitable for a paper 
in Nature or Science, and its realization 
in a form that allows a company to begin 
product development. For example, some 
advanced miniaturized optical-imaging 
systems for medical diagnostics have yet to 
find manufacturers, even five or more years 
after the concept has been proven. 

The technology-translation gap exists 
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> for many reasons: cultural, institutional 
and technical. To bridge it, universities and 
companies must better understand each 
other’s needs, motivations and limitations. 
The fastest way to close the gap is to spend 
more time together in each other's labs. 


DIFFERING VIEWS 

The cultural barriers to technology transla- 
tion are ingrained in both camps. Comp- 
anies would like universities to distribute 
the fruits of their research free of charge, 
because, after all, much of the work has 
been paid for with public money. Engineer- 
ing departments, in their view, should focus 
on developing prototypes that can be manu- 
factured on a large scale, and not ‘waste’ 
time with blue-sky research that has no 
obvious commercial value. 

In many university departments, by 
contrast, industrial collaboration is regarded 
with suspicion. Academics shy away, fearful 
that companies will influence research direc- 
tions and covet useful results. 

In the United States, reluctance to partner 
with industry began to thaw with the passage 
in 1980 of the University and Small Business 
Patent Procedures Act, known as the Bayh- 
Dole Act. The act allowed government- 
funded educational institutions to retain 
the titles to their patents. Universities dis- 
covered a lucrative source of funding, and 
technology-transfer offices sprouted up like 
mushrooms on US campuses. 

Other countries followed suit, but did 
not always see the same results. The equiva- 
lent law enacted in Japan in 1999 boosted 
the number of research-and-development 
projects between national universities and 
private industry from 56 in 1983 to 14,303 
in 2008 (ref. 1). But in Germany, which 
already had a tradition of assigning patent 
rights to the inventing faculty member’, the 
passing of similar legislation in 2002 led to 
stagnation in patent activity’, because some 


PATENT PROBLEM 


researchers held back their patentable ideas. 

To improve matters, universities that are 
keen to build up their patent portfolios need 
to provide more incentives for individual 
academic researchers to engage with the 
technology-transfer process, which can be 
tedious and expensive. Compared with pub- 
lications, patents carry little weight in most 
academic evaluations. To establish a ‘patent 
culture’ on campus, policies, rules, rewards 
and ethos must support faculty involvement 
in business activities*. 

Culture alone may explain why electrical 
engineers at Stanford University in California, 
for example, have 50% more corporate affili- 
ations (253 in 2004) 


than theircolleaguesat “Diverging 
the University of Cali- technical 
fornia, Berkeley (168 expectations 
in 2004), even though mar many 
the departments are jndustrial-— 
similarly sized, both geqdemic 


rank in the top few in 
the United States and 
both are close to Silicon Valley’. Whereas 
Stanford — the alma mater of the founders of 
Google, for instance — has a strong tradition 
of valuing such activities, the University of 
California system is more ambivalent. 

Even when campus culture supports 
entrepreneurship, there is often a further 
hurdle: the unrealistic financial or intellectual- 
property expectations ofa university's indus- 
trial liaison office. Inspired by a few industrial 
geese who did lay golden eggs, the lawyers in 
many university technology-transfer offices 
have scared off potential collaborators by 
demanding too much. Whether these offices 
foster or hinder fruitful collaboration is 
controversial°. In my experience, their util- 
ity varies strongly with the personalities and 
qualifications of their staff. 

As in the opening tale, diverging technical 
expectations mar many industrial-academic 
relationships. ‘University prototypes and 


relationships.” 


Physical-sciences patents in the United States have increased, but biomedical inventions still dominate. 


@ Biotechnology mPharmaceuticals m Measurement techniques and instrumentation 


™ Materials ~~ Medical equipment 


aime 
lee} S 
fo} fe} 
‘S) (o} 


Number of US academic patents 
a 
ro) 
fo} 


= Semiconductors m® Optics 


1991-95 


1996-2000 


2001-05 2006-10 


484 | NATURE | VOL 501 | 26 SEPTEMBER 2013 


© 2013 Macmillan Publishers Limited. All rights reserved 


‘industrial prototypes’ are distinct. University 
researchers love to pursue wild ideas and to 
artfully perform difficult experiments that, 
even if challenging to reproduce, need only 
worka few times to yield a high-profile paper 
that could advance their academic career. For 
the industrial researcher, a device has to work 
every time, with well-understood reliability, 
reproducibility and lifetime. 

Speed is another issue on which indus- 
trial and academic partners do not see eye 
to eye. Academics take a long view, with 
typical projects lasting a few years — long 
enough to complete a PhD. Industrialists 
run a tighter ship, with stringent dead- 
lines set by company financial-reporting 
timescales and market competition, often 
measured in months. Releasing a product 
onto the market a year after a competitor's 
is simply not an option. 

“Business success for a product — the 
return on research investment — must take 
place within three years for a manager to profit 
from it; nanotechnologist Robert Brunner 
told me; he joined the University of Applied 
Sciences Jena in Germany in 2010 after many 
years in industry. “A proof of principle is 
not enough; a market-ready product must 
be there.” Agreeing on timeline expecta- 
tions is as essential as agreeing on technical 
specifications. 

So, is there any use in all the science parks 
and technology ‘hatcheries’ with which uni- 
versities have tried to attract companies onto 
campus? I think not, although evidence is 
equivocal. Science parks provide infrastruc- 
ture for companies, especially for start-ups. 
But the celebrated ‘proximity-to-campus is 
usually only physical, with little real promo- 
tion of intimate collaboration between people. 

For example, the Engineering Research 
Centers (ERCs) initiated by the US National 
Science Foundation in the 1980s to encour- 
age cross-disciplinary research failed to live 
up to expectations, owing to insufficient 
participation by both industry profession- 
als and academics. Almost 70% of engineers 
surveyed felt that the ERC objective had been 
poorly met or had no impact on industry’. 
Proof of Concept Centers’, the latest campus 
approach implemented in the United States, 
are intended to provide a spectrum of services 
to help to disseminate technology from uni- 
versity to industry. But the centres await a 
precise definition of their role. 


WORK TOGETHER 

To stop promising technologies languishing 
on laboratory shelves, universities need 
to realize that industry is not a rapacious 
octopus, sucking up everything it can get 
its tentacles on and suffocating the scien- 
tific independence of academic researchers. 
Patents and industrial research should be 
valued more highly in faculty evaluations, and 
university liaison offices must be willing to 
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sell emerging technology and intellectual 
property at a reasonable cost to support 
product development. Academics must 
realize that just sending off a progress 
report after cogitating in the laboratory is 
not useful for a company. 

On the other side, industry must 
appreciate that universities are not buf- 
fets of fully mature technologies there 
for the taking, free of charge. Companies 
should expect to invest time and money 
to move from an academic prototype to a 
commercial product. Industrialists must 
acknowledge that repeated measurements 
of reproducibility, lifetime and reliabil- 
ity are difficult to fit into the academic 
framework of constant innovation, and 
are not the best use of researchers’ skills. 

What both partners need from each 
other must be made clear at the outset. 
As Olav Solgaard, an electrical engineer 
at Stanford, explained: successful collab- 
orations require leaders on both sides to 
manage expectations and to set sensible 
ground rules. Both must agree on outputs 
such as publications, especially when PhD 
students are involved. Simple and direct 
approaches are necessary. Many universi- 
ties in China, for example, are involved in 
managing the companies with which they 
collaborate*. Others find that integrat- 
ing industrial researchers into university 
laboratories is effective. 

Hiroshi Toshiyoshi at the University 
of Tokyo, who has a long record of devel- 
oping microelectromechanical systems 
and collaborating with industry told me 
how he likes to operate: “I like to ask my 
partner company to send their research- 
ers to my group, where I give theoretical 
and on-the-job training for a year or two. 
We may not be able to deliver immediate 
results, but the company will obtain long- 
lasting competence.” 

So, set aside some lab space, fill it with 
recent graduates and company research- 
ers, shake well and let the nutty academic 
idea evolve into the useful industrial 


prototype. = 


Hans Zappe is chair of micro-optics in the 
Department of Microsystems Engineering, 
University of Freiburg, Germany. 
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An endangered Florida panther population was bolstered through hybridization with a related subspecies 


—a technique that could be refined using genomic tools. 


Gene tweaking 
for conservation 


It is time to weigh up the pros and cons of using genetic 
engineering to rescue species from extinction, say 
Michael A. Thomas and colleagues. 


ven the most conservative estimates 
Bese that 15-40% of living species 
will be effectively extinct by 2050 asa 
result of climate change, habitat loss and other 
consequences of human activities. In the face 
of such drastic losses, scientists are debat- 
ing the pros and cons of various, and often 
controversial, interventions. These include 
moving populations to help track hospitable 
habitats, and reinstating keystone species — 
those that have a large effect on ecosystem 
structure and function, such as top-level 
predators — into areas where they have long 
been absent”. Even the revival of species that 
have recently gone extinct is being explored. 
So far, an increasingly viable (and poten- 
tially less risky) option, which we call 
facilitated adaptation, has been little dis- 
cussed. It would involve rescuing a target 
population or species by endowing it with 
adaptive alleles, or gene variants, using 
genetic engineering. 
Over the past 30 years, genetic engineer- 
ing in agriculture has received substantial 


attention. Today, 12% of arable land world- 
wide is planted with genetically modified 
(GM) crops; the GM seed market alone 
is valued at US$15 billion. As techniques 
become ever more sophisticated, more 
possibilities will open up. 

We believe that these combined factors 
mean that conservationists will almost 
certainly be tempted to apply genetic engi- 
neering to safeguard biodiversity. Facilitated 
adaptation might be less logistically chal- 
lenging than moving entire populations, 
and less fraught with ecological and socio- 
economic complications — relocation could 
introduce harmful invasive species, for 
example, or unleash outbreaks of disease. 
But facilitated adaptation is likely to be beset 
with other challenges and pitfalls. Now is 
the time to consider what those might be. 


THREE OPTIONS 

There are at least three ways to avert extinc- 
tion using facilitated adaptation. First, 
animals or plants from a threatened > 
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> population could be crossed or hybridized 
with individuals of the same species from 
better-adapted populations to introduce 
beneficial alleles into the threatened popu- 
lation. Second, specific alleles drawn from 
a well-adapted population could be directly 
transferred into the genomes of threatened 
populations of the same species. And third, 
genes taken from a well-adapted species 
could be incorporated into the genomes of 
endangered individuals of a different species. 
Each approach carries its own set of chal- 
lenges, complications and risks. 


BACK FROM THE BRINK 

Conservationists have already tried hybrid- 
izing individuals to aid the recovery of 
vulnerable populations. For instance, in 
an isolated population of the viper Vipera 
berus in Sweden, the number of inviable 
offspring produced as a result of inbreed- 
ing plummeted when male vipers from a 
healthy population were introduced’. Simi- 
larly, the size of a remnant Florida panther 
(Puma concolor coryi) population effectively 
increased by 100% after conservationists 
introduced eight cats ofa related subspecies, 
Puma concolor stanleyana, from Texas. 
Heterozygosity, a measure of genetic varia- 
tion, also rose in the Florida population, from 
around 18% to more than 25% in 12 years’. 

This practice of injecting lost genetic 
diversity into a threatened population could 
be refined using genomic tools. For instance, 
conservationists could screen potential 
donor populations for individuals with 
alleles that would, say, yield physiological 
tolerance of warmer temperatures, or resist- 
ance to a catastrophic disease. 

The potential risks of this approach, as 
with relocating entire populations, include 
the introduction of wildlife diseases, the 
dilution of locally adaptive alleles and the 
disruption of co-adapted gene complexes 
that impart advantages crucial in the threat- 
ened population’s local habitat. 

Success with the second approach — 
directly transferring specific alleles drawn 
from a well-adapted population into indi- 
viduals from a threatened population — 
would similarly depend on introducing 
enough ‘better-adapted’ individuals with 
a sufficient selective advantage to increase 
the mean fitness of the threatened popula- 
tion. This would require conservationists 
first to work out which genes are control- 
ling relevant adaptive traits. Earlier this 
year, aquaculture researchers identified® 
alleles associated with heat tolerance ina 
commercial rainbow trout, Oncorhynchus 
mykiss. These gene variants could poten- 
tially be inserted into the genomes of 
fish eggs or embryos in populations 
threatened by rising water temperatures 
because of climate change. 

This strategy has promise if one or a few 
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genes have a drastic impact on the trait of 
interest. For instance, some amphibians 
are resistant to the fungal disease chytridi- 
omycosis, which has been linked to massive 
population declines and several extinctions. 
If one or a few genes are found to increase 
resistance, they might make excellent tar- 
gets for transfer. 

This form of genetic engineering is 
probably the least risky of the approaches 
described here, because it involves the 

movement of alleles 


“Well- within the same 
adapted species, without the 
combinations attendant risks of 
of alleles moving diseases or 
could be parasites. But again, 


the challenge is that 
numerous genes tend 
to be associated with complex traits. Inter- 
actions between genes and the environ- 
ment, and between introduced alleles and 
existing genetic diversity, will also be diffi- 
cult to predict. And, as with the hybridiza- 
tion approach, well-adapted combinations 
of alleles could be disrupted. 

The third transgenic approach — trans- 
ferring genes between different species 
— has been used for more than a decade 
to improve resistance to crop stressors, 
including drought and extreme tempera- 
tures’. Certain genes from rice and the cress 
plant Arabidopsis, for instance, make tomato 
plants more tolerant of cold temperatures. 
A few years ago, developmental biologists 
produced mice with exceptionally long digits 
by replacing a limb-specific transcriptional 
enhancer of the mouse Prx1 gene locus 
with the homologous bat sequence®. Con- 
servationists could use similar approaches 
to explore the use of other genes, to aug- 
ment, for example, resistance to white-nose 
syndrome, a rapidly spreading and deadly 
fungal disease in North American bats. 

The effects of moving genetic variants 
between species, however, are likely to 
be even harder to predict than those of 
transferring variants within species, and 
a major concern is that such an approach 
could bring unintended and unmanageable 
consequences. 


disrupted.” 


PRESERVATION PROGRAMMES 

To begin the process of identifying adap- 
tive genes and alleles, and predicting how 
they will behave in the target genomic and 
environmental contexts, conservationists 
can tap several resources. Natural history 
museum and herbarium collections world- 
wide, for example, can provide basic data on 
biogeography and genetics for many animal 
and plant species. 

Large-scale preservation projects could 
provide the actual tissues needed to explore 
adaptations among organisms in different 
ecological contexts. One such project is the 
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Global Genome Biodiversity Network — an 
effort to preserve and provide open access 
to genomic information and DNA samples 
from various collections, including those 
of the Smithsonian National Museum of 
Natural History in Washington DC (see 
www.mnh.si.edu/ggi). 

Ultimately, successful facilitated adapta- 
tion will require unprecedented collabora- 
tion between organismal, ecological and 
molecular biologists and climate scientists’. 
Biorepositories — such as seed banks, natu- 
ral history museums and zoological parks, 
including the Frozen Zoo at San Diego 
Zoo in California, which houses around 
9,000 frozen cell samples from endangered 
species — will need to be integrated with 
advances in biotechnology and efforts to 
explore the genomic mechanisms under- 
lying adaptive traits associated with climate 
change”, catastrophic diseases and so on. 

Facilitated adaptation will also require a 
change in people's views about biodiversity 
conservation and its ethics, practices and 
impact on society. Even moving members 
of the panther subspecies from Texas into 
the Florida panther’s ecosystem incited mis- 
givings over the appropriateness of meddling 
directly with organisms rather than with 
their habitat. 

A serious concern is that even the possi- 
bility of using genetic-engineering tools to 
rescue biodiversity will encourage inaction 
with regard to climate change. Before genetic 
engineering can be seriously entertained 
as a tool for preserving biodiversity, con- 
servationists need to agree on the types of 
scenario for which facilitated adaptation, 
managed relocation and other adaptation 
strategies might be appropriate, and where 
such strategies are likely to fail or introduce 
more serious problems. 

For some species, facilitated adaptation 
could turn out to be the only viable remedy. m 
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SOPHIE BASSOULS/SYGMA/CORBIS. 


MOLECULAR GENETICS 


A revolutionary 
meeting of minds 


Jan Witkowski relishes the interwoven stories of Nobel 
laureates Jacques Monod and Albert Camus. 


Carroll tells the stories of two remark- 
able men whose lives intersected in the 
aftermath of the Second World War, spark- 
ing a rare communion of spirit. Jacques 
Monod was a founder of molecular genetics 
who, with biologists André Lwoffand Fran- 
cois Jacob, received the 1965 Nobel Prize 
in Physiology or Medicine. Novelist and 
philosopher Albert Camus was another 
Nobel laureate, receiving the 1957 literature 
prize for work “which with clear-sighted 
earnestness illuminates the problems of the 
human conscience in our times”. Just over 
two years later, Camus died in a car crash. 
Both men were fearless in their fight 
against the German invaders; both were 
geniuses in their own spheres; and the two 
were united in their world views. Monod’s 
scientific outlook informed Camus’s work, 
and Camus’s philosophy greatly influenced 
Monod, so much so that Carroll calls Monod 
“Camus in a lab coat”. 
Carroll's story takes off in Paris in 1940, 
the year the city fell to the Germans. Monod 


IE Brave Genius, the biologist Sean 


was part-way through his thesis at the Sor- 
bonne, studying the growth of bacteria. That 
year he discovered ‘adaptation, the lag that 
occurs when bacteria that are growing ina 
medium with two sugars exhaust the first 
and switch to the second. The observation 
led to his life’s work exploring the regula- 
tion of gene expression in bacteria. Around 
the same time, Camus arrived in Paris from 
Algeria. Already an experienced reporter 
and editor, he found a job at the newspaper 
Paris-Soir, but he had grander ambitions: 
to write about the absurd. In this philoso- 
phy, the Universe has no goal or meaning. 
Far from being a credo of despair, it urges 
people to recognize the absurd and live life 
to the full. 

As Carroll shows, each man heeded 
French general Charles de Gaulle’s call 
that “all free Frenchmen, wherever they 
be, should continue the fight as best they 
may”. Monod distributed Résistance, a 
clandestine newspaper, and later joined a 
group that sabotaged German supply lines. 


He played a leading part in the rebellion of 
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August 1944, when the Resistance fought 
German troops in the streets of Paris. 
Camus joined a Resistance cell and wrote 
editorials for its newspaper, Combat. Carroll 
brings out how each man managed to pur- 
sue his vocation under the most dangerous 
of circumstances. Monod moved to a now 
legendary attic laboratory at the Pasteur 
Institute with Lwoff. Meanwhile, Camus 
continued to write, publishing L’Etranger 
(The Outsider) in 1942 and establishing 
his place among the French intelligentsia 
with his then friends Jean-Paul Sartre and 
Simone de Beauvoir. 

It was a shared revulsion at Soviet biolo- 
gist Trofim Lysenkos genetics theory that 
brought Monod and Camus together. In 
August 1948, the Paris Communist paper 
Les Lettres Francaises extolled Lysenko’s 
work as “A Great Scientific Event”. Three 
weeks later, Monod wrote a counterblast 
in Combat, declaring 
Lysenko’s work non- 
scientific. By this time, 
Camus had come 
to believe that any 
totalitarian regime, 
including those of 
communist states, was 
inherently corrupt — 
a view confirmed by 
conversations with 


Brave Genius: 


A Scientist, a the Hungarian-born 
Philosopher, writer Arthur Koes- 
and Their Daring tler, whose anti-total- 
Adventures 


itarian novel Darkness 
at Noon had infuri- 
ated communists. 


from the French 
Resistance to the 


Nobel Prize 
SEAN B. CARROLL Camus was work- 
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> Révolté (The Rebel), his long essay 
on the nature of revolution. He was 
introduced to Monod and, as Car- 
roll puts it, they “hit it off right away”. 
Monod helped Camus with a chapter 
on how communism had perverted 
science in the Soviet Union, exemplified 
by Lysenko. (The cruel Soviet suppression 
of Hungary’s 1956 uprising put the seal on 
their mutual rejection of communism.) 

Camus’s influence on Monod is clear 
in Le Hasard et La Necessité (Chance and 
Necessity; Seuil, 1970), the international 
best-seller in which Monod drew on the 
new science of molecular biology. Biology, 
for instance, had demonstrated that Homo 
sapiens arose through a series of chance 
events and that there is no grand design 
to the Universe. Ina reference to Camus’s 
world view, Monod wrote that man “lives 
on the boundary ofan alien world; a world 
that is deaf to his music, and as indifferent 
to his hopes as it is to his suffering or his 
crimes” In the late 1950s, Monod carried 
out experiments with Francois Jacob and 
biochemist Arthur Pardee that hinted at 
the existence of an unstable intermediate 
between DNA and ribosomes. Further 
work by Monod and Jacob led to the 
operon model of how gene expression is 
regulated, described in a classic paper in 
1961. The same year Jacob, with biologists 
Sydney Brenner and Matt Meselson, pro- 
vided the experimental confirmation by 
demonstrating the existence of messenger 
RNA. The Nobel prize for Monod, Jacob 
and Lwoff followed. 

The journalist Jean Daniel observed 
of the comradeship between Monod and 
Camus that there was “a complicity so 
intense ... that only a shared kindness of 
heart allowed them not to find unwelcome 
those who interfered in their privacy”. 
Iam not sure that Carroll has conveyed 
that intensity — perhaps no one can. But 
although Brave Genius is a long and com- 
plex book, Carroll does a masterful job of 
keeping the many elements together and 
the story moving. I learned much about 
France at the time of the Second World 
War, and was prompted to reread Camus’s 
great novel La Peste (The Plague). 

In 1959, C. P. Snow wrote of the “two 
cultures” — that gulf between science and 
the humanities. Brave Genius provides an 
opportunity for those on both sides of the 
divide to sample a potent mix of genet- 
ics, philosophy and literature, forged in 
the twentieth-century tumult of war and 
cold war. m 


Jan Witkowski is executive director of 
the Banbury Center, Cold Spring Harbor 
Laboratory, Cold Spring Harbor, New 
York, USA. 

e-mail: witkowsk@cshl.edu 


488 | NATURE | VOL 501 | 26 SEPTEMB 


a a . E é ‘ 4 


/ | 
4 / f 


Winston Churchill on a voyage across the Atlantic in October 1941. 


Winston and 
the warheads 


Richard Rhodes explores a history of Britain’s little- 
known role in the race to develop an atomic bomb. 


ritain and the United States, which 
B cooperated so effectively as military 

allies during the Second World War, 
collaborated only intermittently — and from 
the British point of view inadequately — in 
the development of the first atomic bombs. 
The US side of the story has been told more 
than once; the British side, not recently 
explored, is now tackled by Graham Farmelo 
in Churchill's Bomb. 

The author, a physicist, ranges across Win- 
ston Churchill’s long career — from 1901, 
when Churchill wrote to H. G. Wells to con- 
gratulate him on Anticipations, a work of pre- 
dictive non-fiction, to his final turn as prime 
minister in the early 1950s, when he pushed 
for a British hydrogen bomb. Farmelo is espe- 
cially good on the Second World War years, 
revealing much about the Anglo-American 
relationship that has been guarded or unclear. 

British work on the bomb preceded that 
by the United States. Britain was at war for 
more than two years before the United States 
came in, and was inevitably more urgently 
concerned with German uranium research. 
Moreover, Britain’s generous policy of tak- 
ing in refugee Jewish scientists who were 
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fleeing the Nazis sup- 
plied a cadre of highly 
motivated physicists 
to investigate the 
explosive properties 
of uranium at a time 
when most British 
physicists were work- 
ing on radar. In fact, it 
was the refugee scien- 
tists who first alerted 
the British govern- 
ment to German ura- 
nium research, just as 
their US counterparts 
famously enlisted Albert Einstein to alert 
President Franklin Roosevelt. 

On both sides of the Atlantic, however, 
gatekeeper scientific advisers delayed pro- 
gress. In the US case, the culprit was a gov- 
ernment scientist named Lyman Briggs. 
Briggs, the director of the National Bureau of 
Standards, so overemphasized secrecy that 
the meeting minutes he received from the 
MAUD committee — the group of British 
officials tasked with researching the feasibil- 
ity of building an atomic bomb — languished 


Churchill’s Bomb: 
A Hidden History 
of Science, War 
and Politics 
GRAHAM FARMELO 
Faber & Faber: 2013. 
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undistributed in his safe. Eventually, Briggs 
was moved aside and his safe opened to 
reveal its treasures. 

In Britain, Farmelo reports, the problem 
was more serious because the gatekeeper 
was Winston Churchill’s personal scientific 
adviser, Frederick Lindemann. Lindemann 
did not quite believe in the bomb, and in any 
case thought it should be built in Britain or, 
if that proved impossible, Canada. 

Ata crucial point in Churchill’s ongoing 
negotiations with Roosevelt, in October 
1941, a message arrived from the US presi- 
dent offering to coordinate “or even jointly 
conduct” a bomb programme. British official 
opinion still favoured consultation between 
parallel projects, Farmelo notes, rather than 
full collaboration. Discouraged by Linde- 
mann and other advisers, Churchill delayed 
his response. Almost two months passed 
before he answered the president’s note, and 
even then he did so only tepidly. 

Those two months were crucial: the 
US programme officially expanded to full 
industrial scale on 6 December 1941, and 
the following day the Japanese bombed Pearl 
Harbor, shocking the United States into join- 
ing the war. The atomic-bomb programme 
was soon assigned to the US Army Corps 
of Engineers and, a few months later, now 
renamed the Manhattan Project, put under 
the command ofa big, dynamic, no-nonsense 
engineering general named Leslie Richard 
Groves, a combative Anglophobe. 

Curiously, Groves and his government 
superior, the science czar Vannevar Bush, 
worried as much about giving Britain a leg 
up on post-war nuclear-power development 
as they did about sharing the ‘secrets’ of the 
bomb. Early in 1943, Farmelo writes, Groves 
blocked British participation almost entirely 
after Imperial Chemicals’ Wallace Akers was 
chosen to run the British programme. A 
secret Anglo—Russian agreement to share new 
and future weapons further soured Groves 
and Bush when they learned of it, although 
Farmelo argues that Churchill would have 
repudiated the agreement instantly had 
he thought it would quash collaborations 
with the United States. By the time all these 
misunderstandings had been sorted out, the 
British lead was buried in the dust of Groves’ 
multi-pronged, multibillion-dollar race to an 
almost all-American bomb. 

Farmelo’s book sometimes falters on 
technical details. Breeding plutonium in 
large uranium-graphite reactors in eastern 
Washington state becomes “the production 
of chemicals containing weapons-grade 
plutonium”. The bomb tested in the New 
Mexican desert in July 1945 was not, as he 
writes, “the first nuclear bomb” — that was 
the uranium gun bomb, Little Boy, already 
sailing towards Japan — but rather the first 
plutonium implosion assembly, the ‘Gadget; 
its technology so radically new it needed > 
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Books in brief 


Command and Control: Nuclear Weapons, the Damascus Accident, 
and the Illusion of Safety 

Eric Schlosser PENGUIN (2013) 

After dishing the dirt on junk food in Fast Food Nation (Houghton 
Mifflin Harcourt, 2001), Eric Schlosser tackles another weapon of 
mass destruction: the US nuclear arsenal. His propulsive narrative 
alternates between a history of nuclear arms and an account of a 
near miss: the explosion of a Titan II ballistic missile in Arkansas. 
Invoking sociologist Charles Perrow’s finding that such “tightly 
coupled”, interactive systems can be undone by trivialities, 
Schlosser calls for new thinking on this legacy — and soon. 


Neurocomic 

Matteo Farinella and Hana Rog NoBrow (2013) 

Illustrator Matteo Farinella and neuroscientist Hana Ro§ have 
crafted a graphic introduction to the human brain that seethes with 
many-layered invention. Boy meets girl, and is propelled into the 
Alice in Wonderland world of her brain — where, for example, Camillo 
Golgi and Santiago Ramon y Cajal grapple in a forest of neurons. 
Morphology and plasticity, for example, are distinct regions of 
‘Brainland’, in which greats in each field are tour guides, and neural 
phenomena appear as anything from key-wielding superheroes 
(neurotransmitters) to a haunted castle (consciousness). 


Oil and Honey: The Education of an Unlikely Activist 

Bill McKibben TIMES Books (2013) 

Environmental writer Bill McKibben set off shock waves in 1989 
with The End of Nature (Anchor), the first popular treatment of 
climate change. Two years ago, with the impacts of oil-industry 
‘business as usual’ biting, McKibben moved on to full-time climate 
activism. In this eloquent memoir, he interweaves reportage on 
deluges, heatwaves and melts with demonstrated solutions to 
“malfunctioning modernity”. High-profile protest is only part of that, 
he argues. A revolution in local sustainability is also essential — and 
achievable, as the story of a Vermont bee-keeper reveals. 


Life Beyond Earth: The Search for Habitable Worlds in the 
Universe 

Athena Coustenis and Thérése Encrenaz CAMBRIDGE UNIVERSITY PRESS 
(2013) 

Is the biosphere that so astounds us one of thousands? In this 
packed primer on exoplanetary life, distinguished astrophysicists 
Athena Coustenis and Thérése Encrenaz summarize the science 
and speculation. Kicking off with planet formation, life’s origins on 
Earth and extreme environments, they boldly go into areas such 
as potential habitats in the outer Solar System and far-future ideas 
such as “terraforming” Mars for human habitation. 


Disease-Proof: The Remarkable Truth About What Makes Us Well 
David L. Katz and Stacey Colino HUDSON STREET PRESS (2013) 

We are living longer, chronic disease rates are rising — and the 
trade-off is a dubious one, argues medic David Katz. With writer 
Stacey Colino, Katz presents a research-based approach to 
increasing the chances of reaching a healthy old age that brims 
with intelligent suggestions for behavioural change. The discipline 
involved is workable, from eliminating ‘stealth’ sources of sugar 

to exercising in the ‘nooks and crannies’ of a busy day; and Katz’s 
vision for wellness encompasses societal change. Barbara Kiser 
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> to be tested at full yield. Nor did the 
scientists assembled in the desert to watch 
that first test apply suntan lotion to protect 
themselves from “the radiation blast”. It was 
the high-intensity light from the nuclear fire- 
ball that concerned them. 

More egregiously, Farmelo misses what 
is in my view a crucial part of the post-war 
negotiations between the United States and 
Britain over uranium supplies. The United 
States was at that time believed, for reasons I 
have never understood, to have only modest 
domestic sources of uranium ore. The two 
countries had agreed during wartime that 


they would share the rich ore resources of 
the Belgian Congo equally. By late 1947, Brit- 
ain was approaching bankruptcy, a congres- 
sional debate neared on the Marshall Plan 
and several conservative US senators had 
been outraged to learn that Britain still had 
a veto over any US use of atomic bombs. The 
administration of President Harry Truman 
demanded changes: Britain would give up its 
veto as well as its share of the Belgian Congo 
ore; the United States, in return, would con- 
tinue to aid its wartime ally economically. It 
was this ore grab — formalized in a modus 
vivendi of 7 January 1948 — not bureaucratic 


dithering, that delayed the British bomb. 

Churchill’s Bomb is colourful but incom- 
plete, focused more on Churchill than on the 
bomb. It is a useful adjunct to what is still 
the best series on the British bomb, Margaret 
Gowing’s official history Britain and Atomic 
Energy 1939-1945 (Macmillan, 1964) and its 
successor volumes. 


Richard Rhodes is the author of the 
Pulitzer-prizewinning The Making of the 
Atomic Bomb and three further volumes of 
nuclear history. 

e-mail: rhodes.today@comcast.net 
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Fight in flight 


Ann Finkbeiner ponders a chronicle of airborne war. 


o see farther, go higher: from 

horseback, hilltop and tower in the 

eighteenth century to balloons in 
the nineteenth, aeroplanes and satellites 
in the twentieth and robotic drones in the 
twenty-first. With each step up in height and 
technology comes a broader view of enemy 
territory and a greater personal distance 
from it. What to make of this? 

In From Above, the view from higher up 
translates into a greater power to acquire and 
rule, to control and to kill. The 13 authors 
in this collection of essays, edited by Peter 
Adey, Mark Whitehead and Alison Wil- 
liams, are academic humanists and social 
scientists linked by an interest in how human 
interaction with geography has shaped 
warfare. 

The essays, which are divided into three 
categories, are often built around case studies 
and begin with the view from the sky. As cap- 
tured in drawings, photographs and film for 
much of the past century, images taken from 
above tend to be visually confusing and must 
be interpreted and even manipulated. The 
imaging of large swathes of territory requires 
the formation of photomosaics, in which 
photographs taken at different times, heights 
and angles are stitched together. The slight 
sense of unreality inherent in the view from 
above, many of the authors argue, contributes 
to an emotional distance; the result is that 
conquering or killing becomes easier. 

Meanwhile, warfare itself has changed: 
war is now fought not by vast, easily bomb- 
able armies but by small groups of insurgents 
who are hard to spot from the air. In the Viet- 
nam War, for instance, seismic and acoustic 
sensors on the ground were used to locate 
insurgents. When triggered, the sensors 
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signalled to distant 
computers that cal- 
culated, then sent, the 
enemy’s coordinates to 
high-flying bombers. 
That war, writes geog- 
rapher Derek Gregory 
(quoting from an arti- 
cle by Paul Dickson 
and John Rothchild), 


From Above: War, 


was a “lethal pinball Violence and 

machine” that — fast- Vericaly 

forward to the warsin  “UITED BYPETER 
ADEY, MARK 


Iraq and Afghanistan 
— became a network 
of surveillance and 
targeting drones run 
by people who commute to work. The more 
distant the killing, the more impersonal, 
and the more the exercise resembles a video 
game. 

The second group of essays focuses on 
the responses of those on the ground to 
being viewed from above — the immediate 
reaction being concealment. In the Second 
World War, for example, when the United 
Kingdom wanted to camouflage its industry 
and infrastructure from German bombers, 
people learned to think of the landscape as 
seen from the air. The Home Office even ran 
an unsuccessful experiment in which oil tanks 
were disguised with green and brown paints 
of differing reflectivity to harmonize with the 
British landscape. Another on-the-ground 
reaction is to spy on the sky. One international 
group of people practises a “peculiar version 
of amateur astronomy”. Using little more than 
good binoculars, stopwatches, star charts and 
Kepler's laws of planetary motion, they track 
highly classified reconnaissance satellites. The 


WHITEHEAD AND 
ALISON J. WILLIAMS 
Hurst: 2013. 
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satellites are usually reflective, so although no 
government admits to their existence, they are 
trackable. Their orbits reveal where they are 
going and a little of what they are doing — 
including when they fall out of the sky. 

The third set of essays covers interaction 
between the sky and ground. Bombers are 
frightening because of their purpose, so their 
very presence in the sky is intimidating: one 
aim of bombing runs has always been to 
undermine morale. The 2003 campaign in 
the US war with Iraq was explicitly called 
Shock and Awe because it aimed to sap the 
Iraqi will to fight. The interaction between 
air and ground is most easily seen in the use 
of unmanned surveillance drones. Each 
drone needs four people to guide it and to 
keep track of its technologies and commu- 
nications — which they do from many miles 
away. Drones return vast amounts of infor- 
mation. If aerial views began with a person 
climbing a hill and then climbing back down 
to analyse what was seen, then drones almost 
seem to conflate person, view and action. 

From Above is written by academics for aca- 
demics. The case studies are fascinating, but 
the sentences are often opaque. (In one exam- 
ple, an author discusses the ‘weaponization’ 
of the cinema, writing that it has “particular 
capacities for movement whose influences on 
specific ideas of global escalation make them 
into logistics of perception or the escalation 
of the modern technical beyond”) Thus, the 
ideas and connections between them are 
frustratingly hard to understand. 

I think the book’s main message is that the 
aerial view confers a remoteness that enables 
violence. Implicit throughout, as stated in the 
introduction, is the judgement that in spite of 
the “spectacle and beauty” of the aerial view, 
“we must be careful not to celebrate it”. Since 
the first stone tools, technologies have had 
dual uses, both civilizing and military, and 
we should remember that duality. m 


Ann Finkbeiner is a freelance writer in 
Baltimore, Maryland, and author of The 
Jasons. 

anniekf@gmail.com 
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Pulp, pilcrows and interrobangs 


Andrew Robinson savours a pair of lively studies on paper and punctuation. 


CCr | Vhe paperless society is about as 
plausible as the paperless bath- 
room’, wrote Jesse Shera, a pioneer 

of information technology in libraries, in 
1982. Nicholas Basbanes approvingly quotes 
this remark near the end of On Paper. His 
edifying, if bloated, history of paper — from 
manuscripts, books, newspapers, passports 
and currency notes to stationery and ori- 
gami, packaging, cigarettes and toilet 
paper — has also convinced me that, 
despite digitization, Shera was right. 
The stuff is convenient, portable and 
cheap: On Paper has been published, 
after all, as both an e-book and a 
deckle-edged hardback. 

Typography, of course, enables most 
paper-based and digital communica- 
tion. In Shady Characters, Keith Houston 
celebrates the origins and development of 
typographical symbols, particularly the punc- 
tuation marks that give shape, rhythm and 
sense to the written sentence. These books 
offer much insight into the centuries of inven- 
tion that have gone into creating the norms 
with which we unthinkingly consume and 
communicate vast amounts of information. 

Basbanes begins with a visit to the paper 
makers of remote, mountainous, southwest- 
ern China, whose ranks are rapidly thinning. 
Tradition has it that a Chinese court eunuch, 
Cai Lun, invented papermaking in ap 105, 
but the process — pulping the cellulose fibres 
of rags — was probably pioneered several 
centuries earlier. (The Egyptian manufacture 
of papyrus long predates paper, but involves 
lamination rather than pulping. Confusingly, 
the word ‘paper’ is derived from the Latin 
papyrus.) The technology then travelled 
eastwards to Korea and Japan, and westwards 
along the Silk Road through Central Asia, via 
the Arabs, to Europe. In both directions, Bud- 
dhist monks were the first to use the material 
to record sacred texts. The world’s earliest 
complete survival of a dated printed book 
is the Buddhist Diamond Sutra, published 
in 868, discovered a century ago in a cave at 
Dunhuang, western China, on the Silk Road. 
Itis now in the British Library in London. 

One country after another adopted paper, 
from Spain in 1056 and Germany in 1391 
(not long before Johannes Gutenberg began 
printing) to North America in 1690 and Aus- 
tralia in 1818. From the mid-nineteenth cen- 
tury, paper made from wood pulp became a 
reality and, in 1873, The New York Times led 
the conversion of nearly every US newspa- 
per from rag paper to wood-pulp newsprint. 


On Paper: The Everything of Its 
Two-Thousand-Year History 
NICHOLAS A. BASBANES 

Knopf: 2013. 


Shady Characters: The Secret Life 
of Punctuation, Symbols and Other 
Typographical Marks 

KEITH HOUSTON 

W. W. Norton: 2013. 


With the rise of mass literacy at the end of the 
Victorian era, “pulp fiction” soon followed. 

As Basbanes discusses, paper also became 
physically useful in wars. Gun cartridges 
were made of paper from the fourteenth cen- 
tury; the word ‘cartridge’ is probably derived 
from cartouche, which means ‘roll of paper’ 
in French. In the Second World War, the 
Japanese even made paper-balloon bombs of 
about 10 metres in diameter, each constructed 
from 600 sheets of handmade mulberry paper 
(kozo) glued together and filled with hydro- 
gen gas. From late 1944 until April 1945, some 
9,000 were launched across the Pacific on the 
jet streams. An estimated 1,000 reached the 
United States, but the sole casualties were a 
woman and five children in Oregon. 

The intimate relationship between paper 
and script, and its dominance as a mode of 
communication — at least until the past 15 
years or so — underpin On Paper. Basbanes 
memorably describes, for instance, the bliz- 
zard of office paper that emanated from New 
York's Twin Towers during the 11 September 


2001 attacks. A blood-stained sheet of com- 
mon bond found at ground level was scrawled 
with the words: “84th floor west office 12 peo- 
ple trapped”. Ten years later, DNA testing of 
the blood identified the writer. His widow 
tells Basbanes that this sheet “belongs to my 
daughters. It’s their legacy from their father” 

Enlivening and amplifying our com- 

muniqués are the signs and symbols that 
typography blogger Houston unravels 
in his first book, Shady Characters. The 
e-mail staple @ merits an entire chap- 
ter; Houston also examines the dagger 

(t+), the ampersand (&), the hyphen 

and quotation marks, as well as more 

obscure signs such as the pilcrow (4) 
and the pictographic ‘manicule’ (a small 
hand with a pointing finger, once common 
as a textual highlighter but later relegated to 
the likes of Monty Python sketches). He even 
delves into the ‘interrobang; a fusion of the 
question and exclamation marks invented by 
an advertising executive, Martin Spekter, in 
the 1960s — which never really caught on. 

Houston's title refers to the mystery of 
how these “typographic conundrums” — as 
he calls them — have been endowed with 
so much meaning. Consider the hash sign, 
now much used in Twitter ‘hashtags. It can 
denote a number (#5), weight (5#) or check- 
mate in chess; indicate a place to insert a 
space in proofreading; stand in for the sharp 
symbol in musical notation; or indicate, in 
many computer-programming languages, 
that the rest of the line is a comment and 
nota part of the program. The sign probably 
arose from the English abbreviation of the 
Latin word libra, or ‘scales; as ‘Ib’ (meaning 
a pound in weight). Scribes initially wrote 
‘Ib with a horizontal stroke through the two 
ascenders to indicate that it was a contrac- 
tion; hasty writing eventually transformed 
that into the hash sign. An example of such a 
scribble by Isaac Newton is one of the book’s 
many intriguing illustrations. 

Houston brings considerable wit and 
occasional erudition to the 5,000-year-old 
enigma of how we attempt to communicate 
our thoughts through visible signs. Like 
Basbanes’ doughty history, Shady Charac- 
ters might make you look at books, or even 
this journal — in print or online — in an 
entirely new way. = 


Andrew Robinson is author of The Story 
of Writing: Alphabets, Hieroglyphs and 
Pictograms. 

andrew. robinson33@virgin.net 
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Citations: in defence 
of Brazilian journals 


As editors of the Brazilian 
journal Reports in Public 
Health and signatories to the 
San Francisco Declaration on 
Research Assessment, we wish 
to point out that there are only 
four Brazilian journals among 
the total of 66 banned from 
Thomson Reuters’ Journal 
Citation Reports (see go.nature. 
com/ufgbrn and Nature 500, 
510-511; 2013). 

According to Brazil's open- 
access portal SciELO, there are 
more than 300 high-quality 
Brazilian scientific journals; 
these are also indexed in the 
main global bibliographical 
databases in their respective 
areas. They each contribute 
to the development of science 
worldwide. 

This context should have been 
emphasized in your report, to 
avoid tainting the reputation of 
these many respected Brazilian 
journals by implication. 
Marilia Sa Carvalho, Claudia 
Travassos, Claudia Medina 
Coeli Reports in Public Health, 
Rio de Janeiro, Brazil. 
cadernos@ensp.fiocruz.br 


Citations: ethical 
ways to grow impact 


As editors of a journal with one 
of the highest impact factors in 
Brazil, Natureza & Conservacao 
(the Brazilian Journal of Nature 
Conservation), we suggest that 
there are more imaginative, 
ethical and effective ways to 
increase these ratings than the 
cross-citation methods used by 
a cluster of discredited Brazilian 
journals (see Nature 500, 
510-511; 2013). 

In the past three years, 
our journal's impact factor 
has risen from 0.27 to 1.47. 
This is a result of inviting 
submissions from respected 
scientists worldwide to improve 
our visibility. We also recruit 
editors who have served on 
reputable international journals 


to guarantee the quality of 
accepted papers. 

Brazilian science is steadily 
improving in quality and 
quantity, thanks in part to strong 
support from two national 
funding agencies, the National 
Council for Scientific and 
Technological Development 
and the Coordination for 
the Improvement of Higher 
Education Personnel (R. D. 
Loyola et al. Trends Ecol. Evol. 
27, 585; 2012). 

These agencies have set up 
committees of researchers from 
different fields to determine 
how impact factors can be used 
effectively to evaluate graduate 
programmes and to rank 
journals. In the process, they 
have standardized mean impact 
factors to take into account 
impact-factor variations 
between subdisciplines, 
thereby rendering comparisons 
between journals more 
meaningful. 

Brazilian journals are ripe for 
development — all it takes is a 
rational approach to optimize 
their impact. 

Rafael Dias Loyola, José 
Alexandre Felizola Diniz Filho 
Universidade Federal de Goids, 
Goidnia, Goids, Brazil. 
loyola@ufg.br 


Citations: overcome 
the language barrier 


The ‘citation stacking’ practised 
by four Brazilian research 
journals (Nature 500, 510-511; 
2013) may be a misguided 
attempt to compensate for 
the recognition problems 
faced by journals that do not 
publish in English. It is in the 
interest of international science 
for researchers and funding 
agencies, as well as journals, 
to overcome such linguistic 
barriers. 

Impact factors depend on 
the size of citation pools for 
different languages. This favours 
Chinese journals published 
in both Chinese and English, 
for example, but not Brazilian 
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journals that use Portuguese. 
Transparent attempts to 
counteract this undue influence 
of language are under way. 
English-speaking scientists 
bidding for Chinese research 
grants, for example, enlist help 
from Chinese colleagues,with 
notable success. European 
nations such as Iceland and 
the Czech Republic require 
international and multilingual 
peer review of their research 
papers and grant applications 
— an approach that could also 
work for Brazilian research 
journals. 
Ralf Buckley, Fernanda de 
Vasconcellos Pegas Griffith 
University, Gold Coast, 
Queensland, Australia. 
r.buckley@griffith.edu.au 
Zhong Lin-sheng Chinese 
Academy of Sciences, Beijing, 
China. 


Food crisis spurs aid 
for poverty 


Spikes in food prices in the 
past few years have heightened 
public awareness of global 
hunger and poverty, and have 
vastly increased funding 

for policies on agricultural 
development and food security. 
In short, we believe that the 
poor paradoxically stand to 
benefit from current high and 
volatile global food prices. 

Mass media attention drives 
policy agendas (J. F M. Swinnen 
and N. Francken World Econ. 
29, 637-654; 2006). The jump 
in food prices in 2008 attracted 
news coverage of hunger and 
farmers’ problems in developing 
countries; such coverage has 
since kept pace with the volatile 
spiking in food prices. 

This has resulted in more 
development aid from 
international organizations 
for agriculture and hunger 
prevention, reversing a long 
downward trend (U. Lele 
Science 327, 1554; 2010). 

The private sector is also 
investing more in agriculture in 
developing countries. 


We should approach today’s 
food crisis as a valuable 
opportunity to combat global 
poverty and hunger. 

Mara P. Squicciarini, Andrea 
Guariso, Johan Swinnen LICOS 
Centre for Institutions and 
Economic Performance, 

KU Leuven, Belgium. 

mara. squicciarini@kuleuven.be 


Once ascientist, 
always a scientist 


Many scientists, particularly 
chemists, have careers away from 
alab bench or professorial chair 
— but they are still scientists 
(Nature 500, 369; 2013). Asa 
mentor on careers for chemistry 
graduates (see go.nature.com/ 
ajx23f), I consider myself a 
chemist for life. 

Our training and experience 
mean that we are equipped to 
deal with the scientific issues 
that frequently crop up in 
alternative careers. This is true 
for scientists who have become 
teachers, information specialists, 
patent experts and practitioners, 
writers and consultants, to name 
but a few such alternatives. 

We continue to understand 
scientific terminology, to be 
adept at problem-solving and to 
think critically about scientific 
matters. 

This could be one reason why 
the American Chemical Society 
in Washington DC recommends 
alternative careers in addition 
to more traditional paths (see 
go.nature.com/vs75vj). 

Robert E. Buntrock Buntrock 
Associates, Orono, Maine, USA. 
buntrock16@roadrunner.com 
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Temperate hotspots 


The inclusion of abundance data in global surveys of reef fishes reveals new hotspots of functional biodiversity, not all of 
which show high species richness. The findings may influence conservation priorities. SEE LETTER P.539 


Figure 1 | Sea surveys. A volunteer Reef Life Survey diver moves along a transect to count reef fishes. 


DEREK P. TITTENSOR 


ur understanding of global patterns 
() of biodiversity in the oceans has been 

founded primarily on the number of 
species in different regions. Although species 
richness is an important measure, a broader 
suite of metrics is desirable to fully integrate 
distinct aspects of ecological information 
and to detect locations that may not be spe- 
cies rich but are otherwise ecologically excep- 
tional. Of particular interest is the diversity 
of functions among individuals and species, 
because numerous studies have linked this 
property to the goods and services that eco- 
systems provide, and to their resilience. On 
page 539 of this issue, Stuart-Smith et al.’ pre- 
sent an impressive compilation of standardized 
diver-conducted underwater surveys that 
reveals intriguing patterns in the functional 
diversity of reef fishes around the world. 

As any diver who has floated through the 
iridescent clouds of fishes that blanket tropical 
coral reefs will tell you, identifying them while 
underwater is a tricky proposition. Extrapolate 
this to also attempting to accurately assess their 


abundance, and you have an idea of the effort 
that goes into underwater visual censuses 
(UVCs). UVCs are typically conducted either 
as stationary point counts, in which the diver 
stays in one place and identifies fishes within 
a circular area for a specified period of time, or 
as transects of specified length and width along 
which the diver swims. 

There are then two possible approaches 
to compiling a worldwide data set based on 
UVCs. The first is to integrate existing data 
from the large number of such surveys that 
have already been conducted (see, for example, 
ref. 2). The advantage of using a large reposi- 
tory of surveys is obvious, but which statistical 
methods should be used to correct for differ- 
ences in survey methodology is not. The other 
approach is to design a global standardized 
sampling programme from scratch, such as 
the Reef Life Survey used by Stuart-Smith and 
colleagues. This survey programme engaged 
researchers and ‘citizen scientists’ — volunteer 
scuba-divers who were trained and supervised 
by marine biologists — to generate more than 
4,000 transect surveys at almost 2,000 sites 
around the world (Fig. 1). 
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The authors first used these data to analyse 
the species density (the relative richness per 
transect) and functional-group richness (the 
number of ecologically distinct groups) of reef 
fishes worldwide. Both of these variables show 
patterns that conform to typical latitudinal 
gradients — they decrease with increasing dis- 
tance from the Equator. So far, so familiar. But 
surprises arose when they used the full power 
of their abundance data to assess species even- 
ness (the distribution of individuals among 
species) and functional diversity (which inte- 
grates function and relative abundance). The 
authors found that species evenness increases 
towards the poles, running counter to the rich- 
ness patterns. And the functional-diversity 
data display a curiously idiosyncratic pat- 
tern, peaking in areas that are not necessar- 
ily coincident with richness hotspots. In fact, 
some of these hotspots of functional diversity 
are out of the tropics entirely, with many being 
located in temperate boundary currents that 
flow towards the Equator, such as the Benguela 
Current. These currents are often character- 
ized by high biological productivity driven by 
the upwelling of nutrient-rich water. 


RICK STUART-SMITH 


This study contrasts with previous analyses 
of functional diversity at global scales (for 
example, ref. 3), which have typically been 
terrestrial and founded on richness-based 
rather than abundance-based measures. The 
findings unlock a new view of the ocean in 
which high species richness does not necessar- 
ily correspond to elevated functional diversity. 
This concept complements a previous regional 
terrestrial study* that also found a pattern of 
functional diversity that differed significantly 
from the pattern for species richness. 

Stuart-Smith et al. propose two general 
categories for their functional-diversity hot- 
spots. The first type is mostly located in tem- 
perate regions, has high species evenness and, 
although not necessarily species rich, shows a 
greater than average functional diversity for a 
given number of species. These hotspots could 
be considered the ‘socialist communities’ of the 
fish world — relatively equitable, with species 
fulfilling markedly distinct roles. The second 
category comprises tropical regions with high 
functional diversity and moderate species 
evenness; these are ‘lands of opportunity; less 
equitable but with many more roles available. 

The broader scientific implications of these 
findings will depend on how well reef fishes 
proxy for other taxa in terms of their spatial 
gradients. Patterns of species richness in 
coastal taxa are remarkably congruent’, but 
those in oceanic taxa are distinctly different 
from their coastal brethren. It will be informa- 
tive for researchers to explore whether Stuart- 
Smith and colleagues’ unexpected discoveries 
on evenness and functional diversity apply to 
other marine organisms. We also currently 
lacka testable mechanistic framework that can 
help to provide explanations for the processes 
that create the patterns of evenness and rich- 
ness underlying the authors’ observations. 

Stuart-Smith et al. only touch on the rel- 
evance of these results for conservation and 
management, but this is clearly worthy of con- 
siderable discussion. Biologists and resource 
managers are placing increasing emphasis 
on ecosystem function, and overlaying the 
authors’ map of functional diversity on that 
of marine protected areas around the world 
would be a straightforward first step towards 
assessing protection for function rather than 
solely for species richness. The study results 
also raise questions about what should be pri- 
oritized: centres of richness, which may also be 
engines of species generation’, or areas that are 
functionally fragile or functionally diverse, or 
that contribute disproportionately to human 
well-being. 

The best of all possible worlds would be to 
safeguard all of the above. But our world is 
rather distant from such a Panglossian ideal, 
so this is likely to be too much to ask. Infor- 
mation such as that provided by Stuart-Smith 
et al. might not make our decisions any sim- 
pler, but the provision of comprehensive data 
on all aspects of marine biodiversity will at 


least enable those decisions to be made ona 
stronger scientific footing. m 


Derek P. Tittensor is at Dalhousie University, 
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The carbon-nanotube 
computer has arrived 


The most complex electronic device yet built from carbon nanotubes has been 
demonstrated. The system is a functional universal computer, and represents a 
significant advance in the field of emerging electronic materials. SEE LETTER P.526 


FRANZ KREUPL 


ransistors made from semiconducting 

carbon nanotubes have been touted as 

a more energy-efficient replacement 
for conventional silicon transistors in future 
generations of microchips. However, owing to 
imperfections inherent in carbon-nanotube 
devices, it is difficult to integrate them into 
large-scale electronic circuits. As a result, pro- 
gress on this technology has been sluggish. On 
page 526 of this issue, Shulaker et al.' report 
a promising advance in this field — the first 
carbon-nanotube computer. 

Usually it takes a whole armada of engineers 
to design and fabricate a functional computer 
from scratch, so it is worth noting how this 
small research group has made a nanotube 
computer. The authors took a two-pronged 
approach. First, they built on their technical 
know-how and experience of growing and 
aligning arrays of carbon nanotubes on a sub- 
strate. They developed methods to disable, on 
the substrate, all metallic carbon nanotubes, 
which would jeopardize the desired semicon- 
ducting behaviour of the system. The result- 
ing substrate surface was covered with a highly 
aligned array of semiconducting nanotubes. 
The researchers were then able to create per- 
fectly working transistors using advanced 
transistor-layout design and lithographic 
techniques, with each transistor consisting of 
a parallel arrangement of several individual 
semiconducting nanotubes. 

By properly interconnecting the nanotube 
transistors, the authors succeeded in form- 
ing arbitrary logic elements and circuits. The 
underlying logic of the devices is the same 
as the p-type metal-oxide-semiconductor 
(PMOS) logic that was used in the early days 


of semiconductor transistors, before n-type 
metal-oxide-semiconductor (NMOS) logic 
took over around 1970. A PMOS transistor is 
switched on when a negative voltage is applied 
to its control (gate) electrode. By contrast, an 
NMOS transistor turns on ifa positive voltage 
is applied to the gate. 

The second aspect of Shulaker and col- 
leagues’ approach involved choosing the 
simplest-possible computer design — thus 
reducing the complexity of the hardware 
circuitry, and so the number of transistors, 
required to attain the computer's desired func- 
tionality. The authors opted for a computer 
that operates on only 1 bit of information and 
uses a single instruction; today’s computers 
normally involve 32 or 64 bits and use many 
instructions. But it has been shown that any 
n-bit operation can be obtained by using mul- 
tiple 1-bit operations, although at the expense 
of being more time consuming. So the authors’ 
method does not compromise on generality. 

The only instruction that the computer exe- 
cutes is the SUBNEG (subtract and branch if 
negative) command’, which in this design can 
be implemented with only 20 nanotube transis- 
tors. SUBNEG takes the content of a first mem- 
ory address, subtracts it from the content ofa 
second memory address and stores the result 
in the second memory address. If the result of 
this subtraction is negative, it goes to a third 
memory address. Because the instruction con- 
tains this conditional statement, it guarantees 
Turing completeness — that is, it can make any 
calculation if the computer has enough mem- 
ory available. In other words, the instruction 
enables a universal computer to be made’. With 
this one instruction, Shulaker and colleagues’ 
nanotube computer was able to run counting 
and integer-sorting algorithms concurrently. 
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In terms of performance, this computer 
is far from being competitive with current 
standards, but had this machine been made in 
1955, it would have been. The use of PMOS- 
only logic limits the scalability of the approach 
because this logic requires that the smallest 
transistor differs in width from the largest 
transistor by more than a factor of 20 or so. 
What is more, PMOS logic consumes electric 
power at all times, because there is always 
current flowing in the underlying circuitry. 
Today’s silicon-based computer microchips 
operate with complementary metal-oxide- 
semiconductor (CMOS) technology, which 
uses PMOS and NMOS transistors of almost 
equal width in a serial connection. This allows 
CMOS logic to be considerably more scalable 
and to consume less power than PMOS or 
NMOS logic. 

Implementing CMOS logic in carbon-nano- 
tube circuitry is straightforward**. For Shulaker 
et al., CMOS implementation would just have 
doubled the number of steps in the computer's 
fabrication. However, the fabrication yield (the 
number of functional transistors) would have 
dropped. This is due to the fact that every step 
has a certain probability of creating defects in 
the devices. Consequently, if the number of 
steps increases, the probability of getting non- 
working devices increases. But the history 
of chip manufacturing has shown that yield 
increase is basically a matter of effort, and so 
there is no roadblock to engineering nanotube- 
based circuits in CMOS design. 

The smallest transistor width used by 
Shulaker and colleagues is roughly 8 micro- 
metres, owing to the statistical nature of the 
authors’ nanotube-growth process. This leaves 
open the question of the ultimate scalability of 
their method, and so of the potential to bring 
it on a par with, or ahead of, current silicon 
technologies. The answer will depend on how 
precisely nanotubes can be arranged on a 
substrate. Fortunately, advances on this front 
have not stopped’, and a density of 500 nano- 
tubes per micrometre might be feasible in 
the near future’. Therefore, if research efforts 
are focused towards delivering a scaled-up 
(64 bits) and scaled-down (20-nanometre 
transistor size) version of Shulaker and col- 
leagues’ nanotube computer, we might be able 
to type on one soon. & 
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resolution of the 
Archaean paradox 


A model of early Earth, in which heat from the interior is carried to the surface 
through volcanic heat pipes, suggests that our planet 4 billion years ago had more 
in common with Jupiter’s moon Io than with today’s Earth. SEE ARTICLE P.501 


LOUIS MORES! 


arth formed 4.5 billion years ago from 
E collisions between proto-planetary frag- 

ments. At that time, enough heat was 
trapped to melt much of Earth’s interior; the 
segregation of the dense metallic core released 
still more heat; and a rich concentration of 
radioactive elements would have ensured that 
the interior stayed hot. This was the Earth of 
the Hadean eon, and only individual crystals 
are left of the rocks from that time. The first 
whole rocks in the geological record date from 
the Archaean eon, which started around 4 bil- 
lion years ago. Despite all expectations ofa hot 
young Earth, these first rocks reveal that the 
deep continental crust of the Archaean was 
no hotter than that of today. This puzzling 
observation is often known as the Archaean 
paradox. Reporting on page 501 of this issue, 
Moore and Webb' offer a resolution to it. 


The research duo suggests that, during 
the first half of the Archaean, approximately 
4 billion to 3.5 billion years ago, hot magma 
erupted quickly to the surface through heat 
pipes, so that the heat largely bypassed the 
crust. The surface became covered by one lava 
flow after another, with each flow rapidly cool- 
ing and gradually sinking into the interior as 
the surface layers built up. The authors argue 
that resurfacing the Earth, one lava flow at a 
time, at a rate of just 1-2 millimetres per year, 
would have been enough to extract the excess 
heat so efficiently that plate tectonics would 
have been completely suppressed for at least 
the first billion years of Earth’s existence. About 
3.5 billion years ago, Earth became cooler and 
plate tectonics took over. 

Plate tectonics describes a relatively orderly 
turning inside-out of the planet: new ocean 
floor forms at narrow mid-ocean ridges 
and moves as a rigid plate towards the deep 


Figure 1 | Jupiter’s moon Io. Moore and Webb’ study’ indicates that the early Earth’s surface may have 
been similar to that of Jupiter’s moon Io. 
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trenches at the ocean margins, where it returns 
to Earth’s deep interior in a process known as 
subduction. The continents, although they 
drift and deform in response to the plate move- 
ments, are largely spectators in the recycling of 
the surface. The continental geological record 
dates back all the way to the Archaean, whereas 
almost all the oceanic record that is more than 
200 million years old has been subducted and 
lost. Plate tectonics explains how Earth works 
today, but has it always been this way? Did plate 
tectonics begin only in the mid-Archaean, as 
Moore and Webb's model requires? Looking to 
the continental geological record for answers, 
we find plenty of room for debate. 

Certainly, many have argued that the geol- 
ogy of the early Archaean Earth is reminiscent 
of current conditions on Venus or on Jupiter's 
moon Io. These are dominated by volcanic 
processes from below, with little horizon- 
tal motion’”’, in agreement with the authors’ 
model (Fig. 1). Others have claimed, from a 
theoretical point of view, that plate tectonics 
works very differently in a hot Earth and may 
not be viable because hotter oceanic plates are 
too buoyant to subduct*, or because stresses 
in a hot Earth are much lower and it is less 
likely that the surface could be broken up 
into plates*. 

Proponents of early plate tectonics during 
the first half of the Archaean point out that 


CONDENSED-MATTER PHYSICS 


the Archaean paradox is quite easy to resolve 
if the oceanic plates simply recycle faster in 
a hotter Earth’. There are magmatic rocks 
from the Archaean that are similar to those 
found in present-day subduction zones, as 
well as structures imaged in the ancient crust 
that look as though they could have been 
created by subduction. Furthermore, recent 
theoretical models paint a more optimis- 
tic picture of the viability of subduction in 
a hotter planet*. 

Moore and Webb's work is sure to re- 
energize this debate because they use the 
Archaean paradox to argue against early plate 
tectonics and their theoretical models pro- 
duce plates in the late Archaean. Their simple 
model is elegant because it contains a pre-plate, 
heat-pipe Earth that undergoes a predict- 
able transition to a plate-tectonic Earth as a 
consequence of cooling through time. In the 
study of Earth-like extrasolar planets, there is 
a fierce dispute over whether plate tectonics 
is acommon phenomenon or unique to our 
planet’. Quantifying how plate tectonics can 
evolve on planets of different sizes and com- 
positions is an important contribution to this 
wider debate. 

In their model, which so far is limited to 
small-scale, two-dimensional, flat-Earth 
simulations, the transition from a pre-plate, 
heat-pipe Earth to a plate-tectonic one is 


Rotating molecules as 
quantum magnets 


The push to engineer and probe quantum many-body systems using ultracold 
gases has reached a milestone with the observation of controlled dynamics caused 
by interactions between distant molecules trapped in a lattice. SEE LETTER P.521 


ANDREW J. DALEY 


xperiments with ultracold gases of 
B= and molecules open up many 

avenues for exploring fundamental 
questions of many-body physics, because 
they offer a high level of control over the trap- 
ping potentials that confine the gases and 
interparticle interactions’. On page 521 of this 
issue, Yan and colleagues’ provide a highly 
anticipated demonstration of a new system 
in this context, with potassium-rubidium 
molecules trapped in separate sites of an opti- 
cal lattice formed by standing waves of laser 
light*. They observe the dynamics caused by 
dipolar interactions between distant mol- 
ecules, setting the stage for the exploration 


*This article and the paper under discussion’ were 
published online on 18 September 2013. 


of many-body phenomena and quantum 
phases of matter, especially those described by 
quantum spin models*®. 

In Yan and colleagues’ experiment, gases 
of potassium and rubidium at nanokelvin 
temperatures are associated to form K-Rb 
molecules by means of a magnetic-field ramp, 
and are then placed in the lowest-energy state 
of their electronic, vibrational and rotational 
degrees of freedom using laser-induced tran- 
sitions. Ultracold gases of such heteronuclear 
ground-state molecules were first produced 
in 2008 (ref. 7), and are particularly inter- 
esting for the study of many-body physics 
because of the strong electric dipole moments 
exhibited by the molecules (0.57 debye units 
for K-Rb)*®. 

But the authors have now gone a step fur- 
ther, introducing an optical lattice that traps 
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sudden and global. In reality, Earth is large 
enough for regional differences in the internal 
temperature to have been quite common even 
during major plate reorganization events”, 
so it might be possible for the two modes to 
coexist for some time. It will also be interest- 
ing to see whether the wild fluctuations in the 
global rate of volcanic eruption that are present 
in simple, flat-Earth models also occur in more 
realistic models. = 
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molecules at individual lattice sites (Fig. 1), 
separated by 0.5 micrometres, in which the 
lifetime of the molecular gas (limited by heat- 
ing processes) is 25 seconds. This allows the 
realization of models in which the transla- 
tional motion of the molecules is frozen and 
the dynamics are dominated by the molecules’ 
internal motion. The molecules can each be 
treated as effective spin-1/2 systems by iden- 
tifying two different states of their rotational 
motion as spin up and spin down. Applying 
microwave fields to couple the rotational states 
allows the dipole-dipole molecular interaction 
to exchange angular momentum between 
spatially separated molecules, giving rise to 
effective interactions between the spins. 

Yan et al. measured the effects of these inter- 
actions on dynamics using a Ramsey spectro- 
scopy technique, in which the rotation of the 
molecules is controlled through microwave 
pulses. The interactions show up as oscillations 
of the system's collective spin state, with adom- 
inant oscillation frequency that is characteris- 
tic of the dipole-dipole interactions between 
molecules in neighbouring lattice sites. The 
authors also demonstrate how the effects of 
pairwise interactions can be cancelled using 
multiple microwave pulses, leaving a general 
damping of oscillations in the collective spin 
state that is caused by interactions between 
many molecules. 

These measurements highlight the two 
key advantages of loading molecules into an 
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Figure 1 | Trapped ina lattice. Yan et al.’ demonstrate a system of ultracold heteronuclear molecules 
(red and green) in an optical lattice (grey) that can be used to study quantum spin models. The lattice 
freezes the translational motion of the molecules, and a dipole-dipole interaction between molecules 
(dipoles shown as thick black arrows) couples different states of their rotational motion (red arrows), 
which can be used to represent quantum-mechanical spins. The authors’ system currently has a smaller 


filling fraction of molecules than is shown here. 


optical lattice. First, because the translational 
motion is frozen, the effective temperature in 
the rotational motion — and therefore the spin 
systems — can be very low, even if the initial 
temperature of the gas would have been too 
high to observe the dynamics cleanly. Sec- 
ond, trapping molecules in individual sites 
prevents collisions between molecules. In 
the case of K-Rb, collisions would lead to 
chemical reactions that produce K, and Rb, 
dimers’. This reaction releases a lot of energy, 
normally leading to the loss of molecules from 
the system. 

Yan and colleagues also showed that when 
the molecules are allowed to move through 
the lattice, tunnelling weakly from site to site, 
their loss is further suppressed by a quan- 
tum-mechanical phenomenon known as 
the continuous quantum Zeno effect. In this 
mechanism, a dissipative process (the reactive 
loss) suppresses a coherent one (in this case, 
the tunnelling), so that the rapid loss of mol- 
ecules from the same site actually decreases 
the likelihood that a molecule will move to a 
lattice site where another molecule is already 
present. Thus, counter-intuitively, a rapid loss 
process slows down the loss of molecules. Such 
suppression has previously been observed” 
for highly excited molecules of Rb,, but it has 
now been observed cleanly for the first time in 
ground-state molecules. 

This experimental system has been antici- 
pated by many theoretical proposals, which 
have demonstrated that many classes of spin 
model can be realized by tailoring the dipole- 
dipole interactions with external electric and 
microwave fields* °. This includes spin mod- 
els that describe topological quantum phases’. 
Such exotic phases do not fit into the stand- 
ard Landau theory that characterizes phase 


transitions with a local-order parameter — 
they are instead identified by highly non-local 
topological properties. As shown by Yan et al., 
these systems are particularly suitable for the 
study of non-equilibrium dynamics in strongly 
interacting spin models. Although some spin 
models can be implemented with atoms in 
optical lattices', the interactions in those sys- 
tems are limited to contact interactions when 
the atoms collide, and effective spin-spin 
interactions involve tunnelling of particles in 
the lattice. Dipolar molecular systems such as 
those of Yan and colleagues provide a means to 
create spin models with stronger interactions, 


CELL BIOLOGY 


allowing phenomena to be observed at much 
higher temperatures than those required in 
atomic systems. 

At present, the biggest challenge in the K-Rb 
experiment is to increase the ‘filling fraction’ 
(the proportion of lattice sites occupied by a 
molecule), which is currently around 10%. 
This should ideally be close to 100% to real- 
ize some of the most interesting many-body 
models, which will require the production of 
molecular gases with higher initial density and 
at a lower temperature than achieved here. In 
the meantime, however, Yan and colleagues’ 
work immediately opens the door to the study 
of dynamics in disordered spin models, with 
the randomness arising from the distribution of 
molecules in the lattice. As technical improve- 
ments are made over the next few years, this 
system will provide an exciting path for the 
realization of exotic many-body physics. = 
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A table for two 


Autophagy, the process of cellular self- cannibalism, comes in various forms. It 
now emerges that two of these — mitophagy and xenophagy — share a common 
initiator protein, Parkin. SEE ARTICLE P.512 


MARCEL A. BEHR & ERWIN SCHURR 


consequence of exposure to a pathogen. 

Host factors have a crucial role in deter- 
mining the outcome of such exposure, yet 
much remains unknown about how indi- 
viduals vary in their capacity to resist patho- 
gens. In this regard, genomic studies offer 
a tenable approach to identifying pathways 
involved in microbial handling. An intriguing 
example of how genomic findings can guide 
the mechanistic understanding of complex 


[eves disease is not the inevitable 
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biological systems is Manzanillo and col- 
leagues’ paper’ on page 512 of this issue. The 
study concerns the mechanism by which 
cells remove the human pathogen Myco- 
bacterium tuberculosis through a process called 
autophagy’. 

Genomic studies provide lists of genes, both 
expected and unexpected. Whereas expected 
genes serve to reinforce existing models, it is 
the set of genes with no apparent link to mech- 
anism that is the most daunting. For instance, 


*This article and the paper under discussion! were 
published online on 4 September 2013. 


how can one explain the observation that 
PARK2, a gene first identified in autosomal 
recessive early-onset Parkinson's disease, has 
been identified in genomic studies” as being 
associated with susceptibility to the infectious 
diseases leprosy and typhoid fever? Manzanillo 
et al. provide a functional link. They show 
that the product of PARK2 — an E3 ubiqui- 
tin ligase enzyme called Parkin — has a role 
in xenophagy, an autophagic pathway that 
delivers intracellular bacteria for degradation 
in cellular organelles called lysosomes, and 
that is related to but distinct from mitophagy, 
an autophagic pathway that clears damaged 
cellular organelles known as mitochondria. 

Mitochondria are a main source of cellular 
energy, which is generated in a process that 
depends on the presence of an electrochemi- 
cal potential across the inner mitochondrial 
membrane. Mitochondria that fail to maintain 
this membrane potential are replaced as 
part of mitochondrial quality control’. 
Specifically, the kinase enzyme PINK1 
senses dissipation of the inner-mem- 
brane potential and accumulates on 
the outer membrane of dysfunctional 
mitochondria (Fig. la). There, PINK1 
is recognized by Parkin, which tags 
target mitochondrial proteins with the 
small protein ubiquitin for subsequent 
degradation by mitophagy”. At least in 
neurons, Parkin translocation to mito- 
chondria also requires reactive oxygen 
species (ROS)*. 

Mutated Parkin from patients with 
autosomal recessive Parkinson's disease 
cannot facilitate mitophagy’, suggesting 
that defective mitophagy contributes 
to neuronal death and neurodegen- 
eration in this disorder. Unexpectedly, 
Manzanillo et al. find that Parkin is 
also involved in the clearance of micro- 
bial pathogens, but in a manner that 
is independent of its mitochondrial 
function. 

The authors investigated the role of 
Parkin in mouse and human macro- 
phages — immune cells that specialize 
in engulfing extracellular material such 
as pathogens by a process known as 
phagocytosis. To trigger the assembly of 
the autophagy complex, Parkin ubiqui- 
tinates phagosomal vesicles containing 
M. tuberculosis; the identity of the phago- 
somal proteins to which ubiquitin binds 
through its lysine amino-acid residue at 
position 63 is unknown. Consistent with 
an essential role for Parkin in delivering 
M. tuberculosis to lysosomes, deletion 
of Park2 results in increased bacterial 
proliferation in infected macrophages 
in mice, and shorter survival times for 
these animals. 

Autophagy has a key role in the 
destruction of invading bacteria such 
as mycobacteria and salmonella’. 


Manzanillo and colleagues’ work adds Parkin 
recruitment as an essential event in initiating 
the clearance of these intracellular patho- 
gens by autophagy (Fig. 1b). Intriguingly, the 
authors find that Parkin mediates the control 
of infection with different intracellular patho- 
gens (mycobacteria, salmonella and listeria) 
and in different hosts (mice and fruitflies). 
This suggests an evolutionarily conserved role 
for Parkin in innate immunity. Yet, despite its 
broad spectrum of pathogen control, Parkin 
seems to act on a different cellular compart- 
ment from that involved in the direct ubiqui- 
tination of cytosolic bacteria that is mediated 
by LRSAM1 — another E3 ligase involved 
in the autophagic destruction of Salmonella 
bacteria’. 

Phagocytosis of salmonella by macro- 
phages results in recruitment of the enzyme 
NOX2 NADPH oxidase to the phagosome 
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Figure 1 | Parkin and autophagy. a, The autophagic process of 
mitophagy is initiated by recruitment of the enzyme Parkin to 
dysfunctional mitochondria; this is mediated by both the enzyme 
PINK] and reactive oxygen species (ROS; not shown). Subsequent 1. 
activation of Parkin leads to addition of the small molecule 
ubiquitin to mitochondrial proteins and autophagy of the 
ubiquitinated mitochondria. This involves the engulfment of these 
organelles in autophagosomes and the fusion of autophagosomes 
with lysosomes, where the engulfed mitochondria are destroyed. 
b, Manzanillo et al.' find that Parkin is the link between mitophagy 
and another autophagic process, xenophagy. Xenophagy also 
depends on ROS and the binding of Parkin to phagosomes 
containing ingested intracellular pathogens (such as the bacteria 
Mycobacterium tuberculosis and Salmonella Typhimurium). 
How Parkin binds to phagosomes is not known. But once bound, 
Parkin ubiquitinates certain proteins, targeting the phagosome 
for lysosomal destruction. For clarity, only one of the two double 
membranes of the autophagosome is shown. 
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membrane and the production of ROS”. Gen- 
eration of ROS is necessary for recruitment of 
the autophagy machinery to phagosomes and 
delivery of their bacterial cargo to the lyso- 
some’. However, the factors that link ROS gen- 
eration to autophagosome formation are not 
known. It is reasonable to propose that Parkin 
may be one such factor, given this enzyme’s key 
role in both xenophagy and mitophagy'” and 
the requirement for ROS in both autophagy 
of salmonella-containing phagosomes and 
Parkin-dependent mitophagy in neurons. 

The present paper raises further questions. 
For example, following infection of macro- 
phages with M. tuberculosis, approximately 
one-third of the ingested bacteria are tagged 
by Parkin for autophagy. What is the fate of 
the two-thirds of bacteria that are not tagged, 
and do they benefit through a form of bacte- 
rial altruism? What is the membranous struc- 
ture surrounding the bacteria that is 
tagged by Parkin for autophagy? Is it 
derived from the cell membrane as 
would be expected, or has it under- 
gone structural and compositional 
changes to enable Parkin binding? Do 
bacterium-specific signals contribute 
to the autophagic response? Active 
Parkin ubiquitinates many proteins on 
damaged mitochondria”, and it will 
be interesting to contrast these with 
the unknown targets of phagosomal 
Parkin. 

The capacity for functionally dis- 
secting genomic findings has advanced 
tremendously since the completion 
of microbial and human genomes 
a decade or so ago. Manzanillo and 
colleagues’ work reminds us that the 
unexpected results of genomic studies 
are often the most exciting. m 
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Heat-pipe Earth 


William B. Moore’? & A. Alexander G. Webb? 


The heat transport and lithospheric dynamics of early Earth are currently explained by plate tectonic and vertical 
tectonic models, but these do not offer a global synthesis consistent with the geologic record. Here we use numerical 
simulations and comparison with the geologic record to explore a heat-pipe model in which volcanism dominates 
surface heat transport. These simulations indicate that a cold and thick lithosphere developed as a result of frequent 
volcanic eruptions that advected surface materials downwards. Declining heat sources over time led to an abrupt 
transition to plate tectonics. Consistent with model predictions, the geologic record shows rapid volcanic resurfacing, 
contractional deformation, alow geothermal gradient across the bulk of the lithosphere and a rapid decrease in heat-pipe 
volcanism after initiation of plate tectonics. The heat-pipe Earth model therefore offers a coherent geodynamic 
framework in which to explore the evolution of our planet before the onset of plate tectonics. 


The lithospheric dynamics of terrestrial planets is driven by the trans- 
port of heat from the interior to the surface’. Terrestrial bodies with 
low heat flows (for example Mars (<20 mW m ’; ref. 2) and the 
Moon (12 mW m ’; ref. 3)) lose heat largely by conduction across a 
single-plate lithosphere, whereas Earth’s heat transport (global mean 
flux', 65 mW m_ ”) is dominated by plate tectonics. Early in Earth’s 
history, radiogenic heat production was three to five times greater 
than at present*, and there were additional contributions from tidal 
heating by a receding Moon and loss of accretionary heat. Whether or 
not plate tectonics operates under these conditions is uncertain geo- 
dynamically°’, but plate tectonic processes such as subduction and 
arc accretion are often invoked to explain the geologic and geo- 
chemical features of Archaean rocks'®”. 

An example of a terrestrial body with a higher surface heat flow 
than modern Earth is Jupiter’s moon Io. Rather than losing heat by 
more vigorous plate tectonics, Io instead transports about 40 times 
Earth’s heat flux"? (2.5 W m_ ”) from the interior to the surface through 
volcanism. This mode of planetary heat transport is called the heat- 
pipe mode'*"> after the localized channels through which melt brings 
heat to the surface. Heat pipes are conduits that transfer heat and 
material from the base of the lithosphere to the surface by means of 
buoyant ascent (for example the lithospheric plumbing atop a mantle 
plume). When heat pipes become the dominant heat transport mech- 
anism ofa planet, the effects on the lithosphere are both surprising and 
profound. 


Geodynamic models of heat-pipe Earth 

We explore the consequences of the heat-pipe mode for early Earth 
using simplified models of mantle convection with melt generation 
and extraction. The temperature field snapshots shown in Fig. 1 result 
from numerical solutions to the equations of mass, energy and momentum 
transport in the mantle’® as internal heating and cooling at the surface 
drive convective motions (for details of the modelling approach and 
parameter definitions, see Methods Summary). These two-dimensional 
models have a strongly temperature-dependent, Newtonian rheology 
that results in a single-plate, rigid lid at the surface. Melting and melt 
transport are modelled in as simple a fashion as possible while pre- 
serving the effect of this process on the heat transport and dynamics 
of the lithosphere. Melt is generated whenever the mantle exceeds a 
simple linearly pressure-dependent solidus”’ and is immediately extracted 


to the surface, and the column in which the melt was produced is 
advected downwards to conserve mass (Fig. 1, inset). Once at the 
surface, the melt is assumed to lose its latent and sensible heat (which 
is tracked as volcanic heat flow) instantly and to return to the imposed 
surface boundary temperature of 15°C. Although this is a simplifica- 
tion of the process of melt generation and eruption, it captures the basic 
physics in a manner that allows us to see clearly the effects of heat pipes 
on the lithosphere. 

The internal heating and surface heat flow both increase by a factor 
of ten from top to bottom in Fig. 1. Increased internal heat production 
causes the temperature of the mantle to increase slightly and the 
thickness of the cold lid to increase significantly. A thick, cold litho- 
sphere develops because volcanic material deposited at the surface 
buries old flows, resulting in a descending ‘conveyor belt’ of material 
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Figure 1 | Snapshots of the temperature field for two-dimensional models 
of mantle convection. The internal-heating Rayleigh number, Raz, is different 
in each panel. The inset illustrates the operation of the heat pipe: melt is 
extracting to the surface, where it cools, and cold lithosphere is advected 
downwards to conserve mass. 
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that advects the cold surface temperature to great depths (Fig. 1, inset). 
Because heat-pipe volcanism is global, the constant resurfacing and 
downward advection causes compression as the surface rocks are forced 
radially inward, resulting in uplift, exhumation and shortening. This 
process of contraction is observed on Io'’, which has many mountains 
more than 10 km high that are clearly fault-bounded tectonic uplifts. 

We explore the effect of heat pipes on the thermal structure of the 
lithosphere in more detail by constructing steady-state solutions of 
the energy equation with a term that accounts for the downward 
advection at a velocity v (ref. 14): 


k @T dT 4H 
PCp dz Z pl 


where k is the thermal conductivity (4Wm_~'K™'), p is the density 
(3,000 kgm *), cp is the specific heat capacity at constant pressure 
(1,000 J kg! K') and H is the volumetric heat production rate 
(10-7 Wm ° at 4Gyr ago). Material reaching the base of the litho- 
sphere, defined by the dry peridotite solidus!’”, melts and returns to the 
surface through heat pipes. In Fig. 2, we plot solutions for three differ- 
ent lithospheric thicknesses (120, 150 and 180 km) and three different 
advection rates (0.1, 1 and 10mm yr’). Rapid downward advection 
(>0.5mmyr ‘) brings materials to high pressures before they are 
significantly heated. Thermal equilibrium through heat pipes in early 
Earth requires a global average resurfacing by flows of 1-2mmyr ' 
(whereas the rate on Io is 10mmyr '). Partial melting and intra- 
lithospheric differentiation may also occur, resulting in more evolved 
lithologies erupting and intruding back up through the stack. The 
intrusions would locally modify the temperature structure by delivering 
heat to shallower regions. When advection slows or stops, the litho- 
sphere re-warms as geotherms relax towards the conductive profile. 
In addition to altering the thickness and thermal structure of the 
lithosphere, heat pipes influence the stress distribution as shown in 
Fig. 3, where we plot the maximum stress observed in the lithosphere 
as a function of the internal heating rate. Volcanic heat pipes are the 
dominant heat transport mechanism at high heat production rates 
(Fig. 3a, solid line), reflecting higher mantle temperatures and increased 
rates of melting. The maximum stress experienced in the lithosphere 
(Fig. 3b) has a distinct minimum that coincides with the crossover 
between heat-pipe and conductive heat transport. This behaviour 
occurs because heat pipes remove buoyancy from the actively convect- 
ing boundary layer at the top of the mantle, reducing convective stresses, 
while at the same time producing a thicker lithosphere. Therefore, active 
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heat pipes would lead to a very different lithospheric stress regime in 
early Earth than at present, as indicated in Fig. 3b. 

We also performed simulations to identify the transition out of the 
heat-pipe mode of heat transport (Fig. 4). For these cases, we modelled 
the finite strength of the lithosphere by using a yield stress (Methods 
Summary). The transition is caused by the decline in heat sources (red 
line), which gradually causes the volcanic heat flow (cyan line) to decrease. 
At about the time the volcanic heat flow becomes small compared with 
the conductive heat flow (black line), the plate breaks and the entire 
lithosphere is replaced in a sudden overturn. This is an artefact of our 
two-dimensional approach; in three dimensions, the overturn would 
replace only portions of the lithosphere. Breaking occurs because the 
peak lithospheric stress increases with declining heat production, even- 
tually overcoming the strength of the lithosphere and allowing the 
negative buoyancy of the cold material to drive rapid flow. There is a 
rapid decrease in volcanism (cyan) after lithospheric overturn. 


Geologic evidence for heat-pipe Earth 


The heat-pipe Earth hypothesis and simulations supply predictions 
for early Earth’s development: rapid volcanic resurfacing, a low geo- 
thermal gradient across the bulk of the lithosphere, contractional defor- 
mation (with minor extensional deformation in restricted settings such 
as grabens atop rising diapirs) and a rapid decrease in heat-pipe vol- 
canism after initiation of plate tectonics. Preserved heat-pipe rocks 
would be broadly representative of the single-plate lithosphere. Here 
we review the geologic record of early Earth and compare it with these 
predictions and those of existing models. We focus on the period 
before ~3.2 Gyr ago because interpretations of diverse data suggest 
that plate tectonics began at that time: isotopic records in zircons 
indicate a pronounced decrease in crustal growth rate’, inclusion 
assemblages of kimberlite-hosted diamonds shift from exclusively 
peridotitic to eclogitic as well as peridotitic”®, and a Wilson cycle that 
occurred 3.2-3.1 Gyr ago has been identified”. 
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Figure 2 | Temperature as a function of depth in lithosphere. Three 
downward advection rates (0.1, 1 and 10 mmyr ') are shown, each for three 
lithosphere thicknesses (120, 150 and 180 km). Also shown are the stability 
limit of diamond” (thick dashed), the wet basalt solidus'’ (dotted) and the dry 
peridotite solidus’’ (thin dashed), which is chosen to define the base of the 
lithosphere. 
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Figure 3 | Heat flow contributions and dimensionless maximum 
lithospheric stress as functions of the dimensionless internal heating 

rate (aHD* /k). a, Heat flow; b, maximum lithospheric stress. Volcanic heat- 
pipe transport dominates at higher internal heating rates. This causes a marked 
decrease in lithospheric stress. At very high heating rates (Io), lithospheric 
thickness variations lead to larger stresses. All quantities are long-term averages 
over quasi-steady conditions. 
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Figure 4 | Internal heat production, surface conductive heat transport and 
surface volcanic heat transport as functions of time in a model with a finite 
yield stress. The heat production has been converted into an equivalent 
surface flux by integrating over depth. The time is made dimensionless using 
the thermal diffusion timescale. Plate-breaking events are identified at times 
0.125 and 0.15. 


The best-preserved rock records from before 3.2 Gyr ago are from 
the Barberton (South Africa) and Pilbara (Australia) greenstone belts, 
which extend back to 3.55 and 3.53 Gyr ago, respectively’. Before 
~3.2 Gyr ago, both belts experienced similar geologic histories. Mafic 
and ultramafic volcanic rocks were erupted in alternating subaerial 
and marine settings and occur as thick sequences: ~10 km thick at 
Barberton and ~20km at Pilbara”? ?*. Minor chemical sediments, 
locally derived clastic sediments and felsic tuffs are interspersed in the 
mafic piles and commonly occur below unconformities””*”°. Deposition 
of volcanic and sedimentary rocks was episodic and semiregular. For 
example, at Pilbara eight cycles, each ~15 Myr long, have been iden- 
tified, with the five deepest cycles forming a >12-km-thick section 
deposited over 100 Myr (ref. 25). Tonalite-trondhjemite-granodiorite 
(TTG) plutons comprise about half of the >3.2-Gyr-old rocks exposed 
across both sites and were intruded in several 30-60-Myr-long epi- 
sodes spanning the 300-Myr history of each belt””°. The TTG rocks 
represent melts of two sources: pre-existing TTG and hydrated mafic 
rocks”*. Melts of hydrated mafic rocks were generated at pressures and 
temperatures ranging from 1.5 GPa and ~1,000 °C to 23.0 GPa and 
~1,200 °C (refs 11, 26), suggesting heat flows of <50 to 80 mW m ~. 
The upper limit of the pressure estimates is poorly constrained because 
the melt reactions have little to no pressure dependence’’. The more 
deeply sourced melts show evidence of interaction with ultramafic 
material during melt ascent”®. 

Emplacement of the TTG plutons as rising diapirs developed a dome- 
and-syncline regional structural pattern, with the volcanic sequences 
deformed into downwelled synclinal troughs”*”’. Internal deformation 
associated with this downwelling may thin the volcanic sequences by 
50% or more’, causing estimated eruption rates to be lower limits. Apart 
from the diapir deformation, both belts are essentially undeformed 
until ~3.2 Gyr ago. At this time, rifting, arc development and accretion 
occurred at Pilbara', whereas deformation and metamorphism assoc- 
iated with either collisional tectonics” or rapid diapir emplacement” 
occurred at Barberton. These are the last medium-high-temperature 
events experienced by most portions of both belts**”®. 

Other than at Barberton and Pilbara, the >3.2 Gyr-old rock record 
is limited to gneiss complexes as old as ~4.03 Gyr ago”. Some of the 
complexes show >3.2-Gyr-old migmatization, suggesting deforma- 
tion before that time*’. The 3.85-3.55-Gyr-old Itsaq gneiss complex 
(Greenland) is broadly representative of these gneisses and preserves 
the best-defined deformation record. It experienced high-grade meta- 
morphism, granite production and terrane juxtaposition along a series 
of mylonitic shear zones over a 100-Myr period'®”® (~3.65-3.55 Gyr 
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ago). In addition to granite, gneiss protolith lithologies here include all 
Barberton and Pilbara lithologies as well as limited slices of =3.65-Gyr- 
old peridotite°*’. More than 95% of the rocks are metamorphosed 
felsic plutons with igneous crystallization ages spanning the age of the 
complex'®*’. Two suites of felsic rocks are derived from hydrated 
mafic rocks both above and below ~45-km depth, and from remelted 
TTG*. Like at Barberton and Pilbara, maximum melting depths are 
unconstrained". Clastic metasediments are dominantly derived from 
the mafic or ultramafic volcanics, with minor detrital input from the 
other lithologies*’. All detrital material is restricted to narrow age 
ranges just slightly older than the timing of sedimentation”. 

Although the rock record ends at ~4 Gyr ago, detrital zircon grains 
provide evidence of earlier times: the oldest zircons from the Jack Hills 
locality (Australia) are nearly 4.4 Gyr old. Hafnium, oxygen and lead 
isotope information from zircon grains have been used to demon- 
strate that a population of Jack Hills zircon grains ranging in age from 
~4.3 to 3.9 Gyr were sourced from melts of weathered material that 
formed in the presence of water****, that a population of Jack Hills 
zircon grains grew in a ~4.1-Gyr-old felsic pluton which itself resulted 
from remelting of 4.36-4.30-Gyr-old TTG*, and that the sources of 
TTGs have not changed during the past 4.3 Gyr (ref. 12). Also, a 
population of Jack Hills zircon grains ranging in age from ~4.25 to 
3.2 Gyr features variable Th/U ratios and inclusions of ultrahigh-pressure 
metamorphic diamonds”. The diamonds show a wide range of carbon 
isotope ratios, even in the same zircon, indicating a diversity of carbon 
sources that most probably reflects surface processes**. Therefore, the 
diamonds probably represent former surface material, and they crys- 
tallized at depths of > 100 km and were subsequently included in igne- 
ous zircon’””*®, 

Comparison of the >3.2-Gyr-old geologic record with the pre- 
dictions of heat-pipe Earth reveals that a wide range of structural, 
kinematic, petrologic and isotopic data are consistent with the opera- 
tion of heat pipes. The long duration of rapid volcanic resurfacing 
observed at Barberton and Pilbara matches the main surface predic- 
tion of the heat-pipe hypothesis. The thickness and age limits of the 
volcanic sequences allow estimation of downward advection rates: 
approximately 0.03, 0.07 and 0.12 mm yr | for the Barberton, Pilbara 
and lower-Pilbara sections, respectively. These rates must be consid- 
ered minima because the preserved volcanic sequences contain uncon- 
formities and occur in the thinned limbs of downwelled synclines. 
Similarly, the restricted age range of clastic sediment source material 
at Itsaq might indicate rapid volcanic resurfacing**. In general, we 
speculate that interpretations applied to the Barberton and Pilbara 
greenstone belts may be similarly applicable to Itsaq because of the 
broad correspondence in protolith lithologies. 

Downward advection accounts for the low geothermal gradients 
implied by melting conditions. Felsic volcanics and TTG plutons may 
all be sourced from a downwards-advecting lithosphere comprising 
TTG and mafic or ultramafic materials. Melting of the shallow litho- 
sphere to produce low-pressure TTG melts probably occurs in response 
to thermal perturbations caused by the rise of hot, deeply sourced TTG 
melts. The possible rapid TTG diapir emplacement and the onset of 
rifting ~3.2 Gyr ago are consistent with the rewarming of the litho- 
sphere associated with both the end of heat-pipe cooling and the initia- 
tion of plate tectonics. Heat-pipe cooling would have to be significantly 
diminished after ~3.2 Gyr ago, because the Barberton and Pilbara 
rocks did not experience significant subsequent burial. This is consis- 
tent with the abrupt drop in volcanism seen in Fig. 4. 

Within the context of the heat-pipe hypothesis, deformation such as 
the ~3.65-3.55-Gyr-old protracted tectonothermal event at Greenland 
might be interpreted as either development of a subduction zone”? or a 
long-lived reverse-fault duplex system. The first option may be possible 
because our simulations suggest that heat-pipe mode would continue 
to contribute to cooling after a subduction event (Fig. 4). Nonetheless, 
the second option seems more likely given the abrupt decrease in heat- 
pipe volcanism after ~3.2 Gyr ago. Also, peridotite has been interpreted 
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as oceanic crust in the first hypothesis'**', but these rocks may represent 
ultramafic plutonic rocks or deeply buried lavas. 

Jack Hills zircon constraints demonstrate that TTGs as old as 
~4.4 Gyr were generated by melting and remelting of material that 
was previously weathered at the surface’***~°*. This is consistent with 
the ~4.0-3.2-Gyr-old rock record, suggesting that analogous geody- 
namic interpretations apply at least as far back as ~4.4 Gyr ago. The 
inclusion of diamond with likely surface signatures in similar zircons 
is interpreted in the heat-pipe Earth context to indicate that the litho- 
spheric conveyor belt was operating to a depth of >100 km ~4.25 Gyr 
ago, and plausibly until 3.2 Gyr ago, which is consistent with the cold, 
thick lithosphere produced in heat-pipe Earth (Figs 1 and 2). Also 
shown in Fig. 2 are melting curves for wet basalt"' and dry peridotite”’, 
and the phase boundary for diamond’. Because the only means of 
exhuming these diamonds is the ascent of TTG plutons, some of these 
plutons must be sourced within the diamond stability field. This is 
consistent with the intersection of the wet basalt solidus and the heat- 
pipe geotherm (for example the red lines in Fig. 2). 

Previous explanations of the >3.2-Gyr-old geologic record can be 
loosely divided into protoplate tectonic models and vertical tectonics 
models*’. Plate tectonic models involve horizontal plate motion, with 
spreading ridges and subduction zones to create and reprocess litho- 
sphere*’. Vertical tectonic models posit lithospheric evolution through 
sub- and intra-lithospheric diapirism, associated downwelling and 
volcanism, and basal delamination. The central challenge of the early- 
Earth record for plate tectonic models is that important products of 
plate tectonics, many of which have high preservation potential (for 
example paired metamorphic belts and passive margins), are absent”. 
In contrast, the record contains features not readily explained by pro- 
posed vertical tectonic processes. Namely, terrane juxtaposition such 
as seen at Greenland, where peridotite slices may be interpreted as 
ophiolites, has been explained only by incorporating horizontal motion 
akin to plate motion**’. Asa result of including such kinematics, these 
models face similar problems as plate tectonic models. 

The geology of Barberton and Pilbara illustrates the difficulties inherent 
in previous models. These sites preserve no deformation for >300 Myr, 
with the exception of diapiric deformation. Current plate and vertical 
tectonic models explain this geology in terms of prolonged mantle plume 
volcanism**”’. However, all such models involve significant horizontal 
translation of lithosphere, which presents two problems. First, it would 
be highly unusual in a plate tectonic regime for two plumes, or two 
successions of plumes, to remain fixed at both sites for >300 Myr. 
Second, there is no evidence of horizontal motion in the record. 
Cooling by means of heat pipes does not have similar problems because 
it features semi-continuous volcanism and minor horizontal contrac- 
tion globally. 


A new model for early Earth tectonics 


The heat-pipe hypothesis implies that early Earth’s lithospheric dyna- 
mics was very different from that today. Similar to Jupiter’s volcani- 
cally active moon Io, early Earth transported heat in the heat-pipe 
mode, with melt rising through narrow conduits and downward 
advection of the lithosphere beneath newer flows. The lithosphere is 
thickened and the geotherm is depressed by the advection (Figs 1 and 2). 
Lithospheric stresses are reduced by a combination of thickening and 
the loss, through the heat pipes, of buoyancy from the convective thermal 
boundary layer at the top of the mantle (Fig. 3). These model predictions 
are all consistent with the main features of the >3.2-Gyr-old geologic 
record, which is dominated by deeply sourced, high-melt-fraction vol- 
canic rocks that have interacted with water and sedimentary products 
from the surface. The transition from heat pipes to plate tectonics has 
also been modelled, showing a rapid switch between modes (Fig. 4) that 
matches the geologic record at Barberton and Pilbara. Heat-pipe Earth 
provides a coherent dynamic framework for the understanding of 
planetary evolution from initial crystallization of the lithosphere atop 
the magma ocean to the onset of plate tectonics. 
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METHODS SUMMARY 


The calculations presented here use the STAG3D code" to solve the equations of 
mass, momentum and energy conservation for infinite-Prandtl-number Boussinesq 
flow in a 4 X 1, two-dimensional domain spanning the depth of the mantle. The 
system is made dimensionless by using the mantle depth, D, as the length scale, Dk 
as the time scale (x ,thermal diffusivity) and D*H/k as the temperature scale, result- 
ing in the definition’ of the internal-heating Rayleigh number Ray = xpgHD*/knk 
with thermal expansivity a, gravitational acceleration g and viscosity y. For all 
simulations presented here, Ray/H = 10°. 

The Newtonian, exponentially temperature-dependent rheology has a total 
viscosity contrast that ranges from 10* to 10’ as H varies from 1 to 300. The 
computational grid is 256 X 64 or 512 X 128 depending on the Rayleigh number. 

For the time-dependent simulation with a finite yield stress, H = 30 and an 
effective viscosity, "ef, was specified to incorporate a yield stress 0, as follows'®: 


on 
oF= _ _. 5 bij = Meee ej 
oa, +1rPé 


Here o;; and é; are the stress and strain rate components, respectively, and é is the 
square of the second invariant of the strain tensor. The value of the yield stress was 
chosen to intersect the maximum lithospheric stress curve in the lower panel of 
Fig. 3. 

The one-dimensional models of equation (1) have constant temperature bound- 
ary conditions applied at the surface and at an arbitrary depth identified as the base 
of the lithosphere. 
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Genome sequencing projects are discovering millions of genetic variants in humans, and interpretation of their functional 
effects is essential for understanding the genetic basis of variation in human traits. Here we report sequencing and deep 
analysis of messenger RNA and microRNA from lymphoblastoid cell lines of 462 individuals from the 1000 Genomes 
Project—the first uniformly processed high-throughput RNA-sequencing data from multiple human populations with 
high-quality genome sequences. We discover extremely widespread genetic variation affecting the regulation of most 
genes, with transcript structure and expression level variation being equally common but genetically largely independent. 
Our characterization of causal regulatory variation sheds light on the cellular mechanisms of regulatory and 
loss-of-function variation, and allows us to infer putative causal variants for dozens of disease-associated loci. 
Altogether, this study provides a deep understanding of the cellular mechanisms of transcriptome variation and of the 


landscape of functional variants in the human genome. 


Interpreting functional consequences of millions of discovered genetic 
variants is one of the biggest challenges in human genomics’. Although 
genome-wide association studies (GWAS) have linked genetic loci to vari- 
ous human phenotypes and the functional annotation of the genome is 
improving”, we still have a limited understanding of the underlying 
causal variants and biological mechanisms. One approach to addressing this 
challenge has been to analyse variants affecting cellular phenotypes, such 
as gene expression* *, known to affect many human diseases and traits”. 

In this study, we characterize functional variation in human genomes by 
RNA-sequencing hundreds of samples from the 1000 Genomes Project’, 
the most important reference data set of human genetic variation, thus 
creating the biggest RNA sequencing data set of multiple human popu- 
lations so far. We not only catalogue novel loci with regulatory variation, 
but also, for the first time, discover and characterize molecular proper- 
ties of causal functional variants. 

We performed mRNA and small RNA sequencing on lymphoblastoid 
cell line samples from five populations: the CEPH (CEU), Finns (FIN), 


British (GBR), Toscani (TSI) and Yoruba (YRI). After quality control, we 
had 462 and 452 individuals (89-95 per population) with mRNA and 
miRNA data, respectively (Supplementary Figs 1-11 and Supplementary 
Table 1). Of these, 421 are in the 1000 Genomes Phase 1 data set’, and the 
remainder were imputed from single nucleotide polymorphism (SNP) 
array data (Supplementary Fig. 3 and Supplementary Table 2). High- 
throughput RNA sequencing (RNA-seq) was performed in seven labora- 
tories, and the smaller amount of variation between laboratories than 
individuals demonstrated that RNA sequencing is a mature technology 
ready for distributed data production (Mann-Whitney P< 2.2 10 ° 
for mRNA, P = 1.34 X 10° '° for miRNA; Fig. 1a, Supplementary Fig. 11; 
for further details see ref. 11). To discover genetic regulatory variants, we 
mapped cis- quantitative trait loci (QTLs) to transcriptome traits of 
protein-coding and miRNA genes separately in the European (EUR) and 
Yoruba (YRI) populations (Table 1, Supplementary Fig. 12 and Supple- 
mentary Table 3). The RNA-seq read, quantification, genotype and QTL 
data are available open-access (see Author Information section). 
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Figure 1 | Transcriptome variation. a, Spearman rank correlation of replicate 
samples, based on mRNA exon and miRNA quantifications of 5 individuals 
sequenced 8 and 7 times for mRNA and miRNA, respectively, and separated by 
the individual (indv.) or the sequencing laboratory (lab.) being the same or 
different (diff.). The quantifications have been normalized only for the total 
number of mapped reads (see Supplementary Fig. 11 for correlations after 
normalization). b, The proportion of expression level variation (as opposed to 
splicing) of the total transcription variation between individuals in each 
population, measured per gene. c, Proportion of genes with differential 
expression levels and/or transcript usage between population pairs, out of the 
total listed on the right-hand side. d, Network of significant miRNA families 
(P < 0.001; yellow) and their significantly associated mRNA targets (P < 0.05; 
purple). The edges display negative (green) and positive (red) associations. 


Transcriptome variation in populations 
This first uniformly processed RNA-seq data set from multiple human 
populations allowed high-resolution analysis of transcriptome varia- 
tion. Individual and population differences in transcripts can manifest 
in (1) overall expression levels, and (2) relative abundance of transcripts 
from the same gene (transcript ratios). Deconvolution of the relative 
contribution of these’” indicates that this ratio is characteristic for each 
gene, with transcript ratio being on average more dominant (Fig. 1b 
and Supplementary Figs 13 and 14). Population differences explain 
a small but significant proportion of 3% of the total variation (Mann- 
Whitney P < 2.2 X 10° '°). Inaddition to this genome-wide perspective 
to population variation, we identified 263-4,379 genes with differential 
expression and/or transcript ratios between population pairs (P.G.F. 
et al. manuscript submitted). Notably, continental differences between 
YRI-EUR population pairs have a much higher contribution of genes with 
different transcript usage than European population pairs (75-85% versus 
6-40%; Fig. 1c and Supplementary Fig. 14). This has not been observed 
before in humans, but it is consistent with splicing patterns capturing 
phylogenetic differences between species better than expression levels'*™*. 
We quantify a total of 644 autosomal miRNAs in >50% indivi- 
duals, of which 60 have significant cis-eQTLs for miRNA expression 


Table 1 | Numbers of transcriptome features with a QTL (FDR 5%) 


Total EUR (n = 373) YRI (n = 89) Union 
Exon eQTL 12,981 genes 7,390 2,369 7,825 
Gene eQTL 13,703 genes 3,299 501 3,773 
Transcript 7,855 genes 620 83 639 
ratio QTL 
mirQTL 644 miRNAs 57 15 60 
Transcribed 43,875 repeats 5,763 1,055 6,069 
repeat eQTL 


FDR, false discovery rate. 
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levels (cis-mirQTLs, Table 1 and Supplementary Fig. 15), showing 
that genetic effects on miRNA expression are much more widespread 
than the previously identified loci’*. To complement previous studies 
of miRNA function in cell perturbation experiments, we analysed 
miRNA-mRNA interactions in our steady-state population sample. 
Of 100 miRNA families, 32 correlated with the expression of predicted 
target exons in a highly connected network (P< 0.001; Fig. 1d and 
Supplementary Table 4), including miRNA families with important 
immunological or lymphocyte functions, such as miR-150, miR-155, 
miR-181 and miR-146 (ref. 16). Interestingly, 45% of the associations 
were positive—consistent with previous results'°—even though based on 
perturbation experiments miRNAs mostly downregulate genes. Analy- 
sing the direction of causality, cis-mirQTLs had small trans-eQTL effects 
to predicted targets only when effects were negative (II, = 1 - Storey’s 
IIyp =0.11 versus II, = 0; Supplementary Fig. 16), suggesting that 
miRNAs indeed downregulate their targets. Positive correlations may 
be driven by other effects, which is supported by overrepresentation 
of transcription factors in the network (29%, Fisher P = 2.1 X 10 7 
for negative targets and 26% P = 4.0 X 10° * for positive targets). This 
suggests feedback loops of both mRNA and miRNA genes affecting 
the expression of each other, and supports the idea that under steady- 
state conditions, miRNAs confer robustness to expression programs”. 
Altogether, these results highlight the added insight into the role of 
miRNAs in regulatory networks from analysis of population variation. 


Genetic effects on the transcriptome 

Expression QTL (eQTL) analysis of protein-coding and long inter- 
genic non-coding RNA (lincRNA) genes uncovered extremely wide- 
spread regulatory variation, with 3,773 genes having a classical eQTL 
for gene expression levels (Table 1). Although the potential of RNA- 
seq to discover other transcriptome traits such as splicing variation is 
widely known’*"*”°, a comprehensive analysis has been lacking. To 
this end, we first mapped eQTLs for exon quantifications that can 
capture both gene expression and splicing variation, discovering as 
many as 7,825 genes with an eQTL, referred to as eQTLs in this paper 
unless otherwise specified. Regressing out the most significantly associ- 
ated variant from the EUR eQTL analysis showed that as many as 34% 
of the genes have a second, independent eQTL for any of their exons (of 
which 7% for the exon of the first association). Thus, there is substantial 
allelic heterogeneity for regulatory effects on a single gene and indepen- 
dence of exons of the same gene (Supplementary Fig. 17). To investi- 
gate genetic effects specifically on splicing, we discovered 639 genes 
with transcript ratio QTLs (trQTLs) affecting the ratio of each transcript 
to the gene total—the largest number of genetic effects on transcript 
structure identified so far. The lower number relative to gene eQTLs is 
probably caused by higher noise in model-based transcript quantifica- 
tions than in gene counts. To characterize the relationship of genetic 
variants affecting expression versus splicing, we regressed out the best 
trQTL variant from the gene eQTL analysis in 279 genes with both 
types of QTL. The results showed that the causal variants are indepen- 
dent in =57% of these genes (Supplementary Fig. 18), suggesting that 
transcriptional activity and transcript usage are usually controlled by 
different regulatory elements of the genome. 

The transcript differences driven by trQTLs involve exon skipping 
only in 15% of genes, with as much as 48% and 43% varying in 5’ and 
3’ ends, respectively (in EUR; categories not mutually exclusive; Fig. 2b). 
To analyse transcript modifications further through unannotated tran- 
script elements, we mapped cis-eQTLs for expressed retrotransposon- 
derived elements (repeat elements) outside genes, known to be an important 
source for evolution of new transcripts”. We detected widespread sharing 
between the 5,763 cis-eQTLs discovered for repeat elements (Table 1 
and Supplementary Fig. 19) and nearby exon eQTLs: of the best repeat 
eQTLs variants in EUR, 49% were significant and 6% the top eQTL 
variants for exons of a nearby gene (3.8% and 26X enrichment; Fisher 
P<2.2X 10 '°). This suggests that retrotransposon-derived elements 
can share regulatory elements with nearby genes. These results provide 
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Figure 2 | Transcriptome QTLs. a, Enrichment of EUR exon eQTLs in 
functional annotations for the first, second, fifth and tenth best associating 
eQTL variant per gene, relative to a matched null set of variants denoted by the 
horizontal line. The numbers are —-log)9(P values) of a Fisher test between the 
best eQTL and the null. UTR, untranslated region. b, Classification of changes 


the first, to our knowledge, genome-wide characterization of genetic 
effects on transcript structure through annotated and unannotated 3’ 
and 5’ changes, which may predominate the exon skipping that previous 
studies have focused on’”. This opens new perspectives for understand- 
ing their cellular and high-level effects, as end modifications will rarely 
change protein structure but may affect post-transcriptional regulation. 

Altogether, we present the largest and the most diverse catalogue of 
cis-regulatory variants discovered in a single tissue so far. Most of the 
analysed genes—8,329 out of 13,970—have one or several QTLs for 
different transcript traits, a resolution enabled by in-depth analysis of 
high-quality transcriptome and genome sequencing data. These results 
highlight both allelic heterogeneity of regulatory variants and pheno- 
typic heterogeneity of diverse transcriptome traits of individual genes. 


Properties of regulatory variants 


To understand how eQTLs affect gene expression, we compared the 
properties of the top (most significant) eQTL variant per gene to a null 
of non-eQTL variants (matched for distance from transcription start 
site (TSS) and minor allele frequency). The best eQTL variant may not 
always be the causal variant owing to noise in genotype and pheno- 
type data, and to estimate our ability to pinpoint causal variants, we 
contrasted the properties of the first eQTL to the second, fifth and 
tenth best eQTL variants (Fig. 2a). 

First, comparing the eQTL with the best P value to the matched null 
showed an enrichment of indels among top eQTLs (13% = 1.22 
enrichment; Fisher P = 1.9 X 10° in EUR; Supplementary Fig. 20), 
suggesting that indels are more likely to have functional effects than 
SNPs. eQTLs are highly enriched in several non-coding elements from 
the Ensembl Regulatory Build, such as many transcription factor peaks 
(median enrichment 3.3 x, median P = 0.009 in EUR; Fig. 2a and Sup- 
plementary Fig. 21), DNasel hypersensitive sites (3.4x, P = 1.00 x 10 7°), 
as well as in chromatin states of active promoters (3.5X, P = 1.08 10 °°) 
and strong enhancers (median 2.4, median P = 1.14 x 10°). Within 
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caused by transcript ratio QTLs. c, The rank of the best Omni 2.5M SNP among 
the significant EUR eQTL variants per gene. d, The DGKD gene locus, in which 
an intronic SNP rs838705 is associated with calcium levels (red), and the top 

eQTL variant 21 kb downstream (blue) is a very likely causal variant, close to 
the TSS of two transcripts in the MEF2A,C binding region. 


genes, splice-site (3.8, P = 1.65 X 10 °) and non-synonymous (2.3, 
P=4.84 X 10 °) enrichments point to putative regulatory functions of 
coding variants. Transcript ratio QTLs are overrepresented in splice 
sites (6.8X, P = 2.44 X 10 7; Supplementary Fig. 22), as expected, but 
also, for example, in 3’ untranslated regions (2.5, P = 1.83 10 °) 
and promoters (2.4X, P = 5.79 X 10 °). Altogether, the higher resolu- 
tion of annotations and eQTLs relative to previous studies**** provides 
important insight into the role of individual transcription factors and 
other regulatory elements mediating genetic regulatory effects. 
Functional enrichment typically decreases rapidly from the best QTL 
variant towards lower ranks. To estimate how often the first variant is 
likely to be the causal regulatory variant, we calculated the annotation 
enrichment of the best eQTL variants relative to the null for (1) all 
eQTL loci, and (2) loci in which the best eQTL variant is very likely 
causal owing to having a log;) P-value >1.5 higher than the second 
variant (Supplementary Fig. 23). The ratio of the enrichments (1) and 
(2) yields an approximation of the best variant being causal in 55% of 
EUR and 74% of YRI eQTLs, with more conservative estimates being 
34% and 41%, respectively (Supplementary Fig. 23). Thus, we have reason- 
able power to pinpoint causal regulatory variants from unbiased P-value 
distributions alone without annotation priors”. This is enabled by not 
relying on SNP array data~*: in 81% of the cases the best variant is not 
on the Omni 2.5M array (Fig. 2c and Supplementary Fig. 25). Valida- 
ting the putative causal effects, we observed that the best eQTL vari- 
ants in CTCF peaks showed more allele-specific binding compared to 
matched null variants (P = 2.0 X 10 *; Supplementary Fig. 24) using 
CTCF ChIP-seq data from six individuals”, and the best eQTLs were 
enriched in DNasel hypersensitivity QTLs’ (3.3X, P= 2.51 X10 ° 
in EUR, 7.9X, P<2.2X10 '° in YRI). In conclusion, we not only 
identify broad eQTL loci but also substantially increase our confidence 
to pinpoint individual causal variants and their functional mechanisms. 
Of the 6,473 variants in the GWAS catalogue”®, 16% are eQTLs and 
1.8% are trQTLs in EUR or YRI, but a high overlap is observed also by 
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chance for a frequency-matched GWAS null (11% and 0.84%, respec- 
tively). The modest (albeit significant: eQTL 7 P<2.2 10's trQTL 
P=7.2%X10 ”) enrichment” is due to eQTLs being very ubiquitous, 
and consequently, a GWAS variant being an eQTL does not mean that 
the regulatory change is necessarily driving the disease association. Our 
data offers a unique opportunity to address the key question of whether 
the causal eQTL variant is also causal for the disease. The enrichment of 
GWAS SNPs in the top eQTL ranks (P = 1.18 X 10” ’; Supplementary 
Fig. 26) is a genome-wide signal of shared causality. To characterize 
individual loci further, we selected 78 eQTL regions that are likely causal 
signals for 91 GWAS SNPs (estimated by the regulatory trait concord- 
ance method)°®”, and in these loci our best eQTL variant is the putative 
disease-causing variant (Supplementary Fig. 27 and Supplementary 
Table 5). Figure 2d shows an example of the DGKD gene, in which an 
intronic SNP rs838705 is associated with calcium levels?’, and 21 kilo- 
bases (kb) downstream the top eQTL—a 2-base pair (bp) insertion—is 
the likely causal variant affecting calcium levels. Thus, the integration 
of genome sequencing and cellular phenotype data helps to not only 
understand causal genes and biological processes but also pinpoint 
putative causal genetic variants underlying GWAS associations. 


Allelic and loss-of-function effects 

Transcript differences between the two haplotypes of an individual 
allow quantification of regulatory variation even when eQTLs cannot 
be detected, for example, owing to low allele frequency. We analysed 
both allele-specific expression (ASE) and allele-specific transcript struc- 
ture (ASTS), a novel approach based on exonic distribution of reads 
(Supplementary Figs 2 and 28-33). This first genome-wide quantifica- 
tion of allelic effects on transcript structure shows that it is almost 
equally common as ASE, with significant (P < 0.005) ASE and ASTS 
in a median of 6.5% and 5.6% sites (out of 8,420 and 2,135) per indivi- 
dual, respectively. Furthermore, the substantial overlap of ASE and 
ASTS signals (Fig. 3a) suggests that ASE may actually often be driven 
by transcript structure variation. The low population frequency of the 
vast majority of ASE (Fig. 3b) and ASTS (Supplementary Fig. 30) events 
points to widespread rare regulatory variation that is undetectable in 
eQTL analysis. 

An important caveat in ASE analysis has been the possibility that it 
can be driven by purely epigenetic effects rather than cis-regulatory 
genetic variants. We investigated this by a novel approach to quantify 
concordance between ASE and putative regulatory variants (prSNPs), 
in which heterozygotes but not homozygotes for a true rSNP should 
have differential expression of the two haplotypes, that is, allelic imbalance 
in an aseSNP (Supplementary Figs 2 and 34). We calculated concordance 
of allelic ratios of 5,479 aseSNPs and genotypes ofall variants + 100 kb 
from TSS, with an empirical P value from 100-1,000 permutations. 
Assigning the prSNPs with empirical P-value < 0.01 to P< 0.001 as 
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likely rSNPs yielded a total of 224,640 rSNPs (7.4% of tested; Sup- 
plementary Table 6) that clustered close to TSS as expected for regula- 
tory variants® and replicated most eQTL signals (Supplementary Fig. 35). 
Nearly all aseSNPs (95%) had more observed rSNPs than expected; thus 
ASE seems to nearly always be genetic rather than driven by genotype- 
independent allelic epigenetic effects. rSNP signals are widespread and 
robust also outside eQTL genes (Supplementary Table 6 and Supplemen- 
tary Fig. 35), indicating potential to capture novel effects. Variants that 
are both eQTLs and rSNPs show higher enrichment in functional anno- 
tations (Fig. 3c and Supplementary Fig. 36), suggesting that integra- 
ted analysis may improve resolution to find causal regulatory variants. 
Altogether, we show evidence that ASE effects are mostly rare and nearly 
always genetic, and ASE-based analyses may complement eQTL ana- 
lysis in identification of especially low-frequency regulatory variants 
in future studies. 

Although QTL and prSNP analyses aim at identifying previously 
unknown regulatory variants, we can also quantify functional effects 
of predicted loss-of-function variants**. Our RNA-seq data captures 
839 premature stop codon and 849 splice-site variants, with the much 
higher number than in previous studies enabling proper quantification 
of their transcriptome effects. As expected, premature stop variants 
often show loss of the variant allele (Supplementary Fig. 37), indicating 
nonsense-mediated decay’ (NMD) as in previous studies**”*. Variants 
close to the end of the transcript seem to escape NMD as predicted”. 
However, of the variants predicted to trigger NMD, in 68% (54% of 
rare variants with minor allele frequency < 1%) the ASE results do not 
support this (Fig. 4a), suggesting currently unknown mechanisms of 
NMD escape. 

Finally, we modelled how genetic variants affect splicing affinity in 
the entire splicing motif rather than only the canonical splice site, which 
is the first comprehensive set of such predictions genome-wide (P.G.F. 
et al., manuscript submitted). Non-reference alleles have a lower splic- 
ing affinity on average (P< 2.2 x 10 ‘°; Supplementary Fig. 38). For 
the 10% of these variants predicted to destroy the motif, individuals 
carrying two motif-destroying alleles have 29% lower median inclusion 
rates of the affected exon (P< 2.2 X 10 16, Fig. 4b), indicating that our 
RNA-seq data are consistent with predictions of splicing effects. 


Conclusions 


By integrated analysis of RNA and DNA sequencing data we were able 
to obtain a unique view of variation of the transcriptome and its genetic 
causes, moving beyond eQTL catalogues to a high-resolution view of 
genetic regulatory variants. We deconvoluted the effect of gene expres- 
sion and transcript structure in population differences of the transcrip- 
tome, in QTLs, and in allele-specific effects, and show that these two 
dimensions of transcript variation appear equally common but largely 
independent. Genetic regulatory variation is the rule rather than the 
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Figure 3 | Allele-specific effects on expression and transcript structure. 

a, Sharing of allele-specific expression (ASE) and transcript structure (ASTS) 

signals: the distribution of ASTS P value of the sites with significant (P < 0.005) 
ASE in the same individual, and vice versa. The ASE P-values are calculated from 
sites sampled to exactly 30 reads. The numbers denote the IT, (1 - Storey’s IIo) 
statistic measuring the enrichment of low P values. b, Frequency of significant 
ASE event in the population (x axis) and their effect size 


(|0.5 - ref/total| ), calculated per ASE SNP. Only ASE SNPs with =20 
heterozygote individuals with =30 reads were included, and the estimates were 
corrected for coverage bias and false positives by sampling and permutations. 
c, Enrichment of variants in regulatory annotations relative to a matched null 
distribution for the most significant eQTL variants, and for the subset of these 
that are also rSNPs. Categories with highest amount of data are shown 

(see Supplementary Fig. 36 for all categories, see also Fig. 2a). 


26 SEPTEMBER 2013 | VOL 501 | NATURE | 509 


©2013 Macmillan Publishers Limited. All rights reserved 


ARTICLE 


TL 
Seve ove Hd i 


Non-reference ratio 


NMD trigger predicted 
SNPs sorted by frequency 


Figure 4 | Transcriptome effects of loss-of-function variants. a, NMD due to 
premature stop codon variants was measured using allele-specific expression. 
The distribution of non-reference allele ratios (on the y axis) for premature stop 
variants sorted on the x axis according to derived allele frequency, split to sites 
predicted to trigger and escape NMD. The dots denote the median across 


exception in the genome with widespread allelic heterogeneity, and is 
the major determinant of allelic expression. For the first time, we were 
able to predict large numbers of causal regulatory variants, and thus 
provide a detailed view into cellular mechanisms of regulatory and loss- 
of-function variation, which is essential for future functional predic- 
tion of variants discovered in personal genomes. 

A subset of this functional variation at the cellular level will also 
have effects on higher-level traits. We demonstrate how eQTL data 
can be used to pinpoint putative causal GWAS variants of individual 
loci, which is important as a new model of how integration of cellular 
phenotypes and genome sequencing data can uncover both causal 
variants and biological mechanisms underlying diseases. The land- 
scape of regulatory variation in this study adds a functional dimension 
to the 1000 Genomes Project data, which is used in effectively all disease 
studies, and together they form an important joint reference data set of 
variation and function of the human genome. Ultimately, this study 
illustrates the power of combining genome sequence analysis with a 
high-depth functional readout such as the transcriptome. 


METHODS SUMMARY 


Total RNA was extracted from Epstein—Barr-virus-transformed lymphoblastoid 
cell line pellets using TRIzol reagent (Ambion), and mRNA and small RNA sequen- 
cing of 465 unique individuals were performed on the Illumina HiSeq2000 plat- 
form, with paired-end 75-bp mRNA-seq and single-end 36-bp small-RNA-seq. 
Five samples were sequenced in replicate in each of the seven sequencing laborato- 
ries. The mRNA and small RNA reads were mapped with GEM” and miraligner”, 
respectively, with an average of 48.9 million mRNA-seq reads and 1.2 million miRNA 
reads per sample after quality control. Numerous transcript features were quan- 
tified using Gencode v12 (ref. 33) and miRBase v18 (ref. 34) annotations: protein- 
coding and lincRNA genes (16,084 detected in >50% of samples), transcripts (67,603; 
with FluxCapacitor’), exons (146,498), annotated splice junctions (129,805; ana- 
lysed in detail in P.G.F. et al., manuscript submitted), transcribed repetitive ele- 
ments (47,409), and mature miRNAs (715). Data quality was assessed by sample 
correlations and read and gene count distributions, and technical variation was 
removed by PEER normalization® for the QTL and miRNA-mRNA correlation 
analyses''. The samples clustered uniformly both before and after normalization. 
The genotype data was obtained from 1000 Genomes Project Phase 1 data set for 
421 samples (80X average exome and 5X whole-genome read depth), and the 
remaining 41 samples were imputed from Omni 2.5M SNP array data. 
Furthermore, we did functional reannotation for all the 1000 Genomes Project 
variants using Gencode v12. QTL mapping was done with linear regression, using 
genetic variants with >5% frequency in 1-megabase window and normalized 
quantifications transformed to standard normal. Permutations were used to adjust 
the false discovery rate to 5%. Full details are provided in the Supplementary 
Methods. 
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individuals, and the vertical lines show the range of ratios for variants 
carried by several individuals. The grey vertical lines denote derived allele 
frequencies of 0, 0.001 and 0.01. b, Exon inclusion scores for variable exons for 
individuals that carry 0, 1 or 2 copies of variants that destroy a splice motif, with 
P-value from Mann-Whitney test. 
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The ubiquitin ligase parkin mediates 
resistance to intracellular pathogens 


Paolo S. Manzanillo!, Janelle S. Ayres**, Robert O. Watson!*, Angela C. Collins*, Gianne Souza’, Chris S. Rae*, David S. Schneider’, 


Ken Nakamura®’, Michael U. Shiloh? & Jeffery S. Cox! 


Ubiquitin-mediated targeting of intracellular bacteria to the autophagy pathway is a key innate defence mechanism 
against invading microbes, including the important human pathogen Mycobacterium tuberculosis. However, the 
ubiquitin ligases responsible for catalysing ubiquitin chains that surround intracellular bacteria are poorly understood. 
The parkin protein is a ubiquitin ligase with a well-established role in mitophagy, and mutations in the parkin gene 
(PARK2) lead to increased susceptibility to Parkinson’s disease. Surprisingly, genetic polymorphisms in the PARK2 
regulatory region are also associated with increased susceptibility to intracellular bacterial pathogens in humans, 
including Mycobacterium leprae and Salmonella enterica serovar Typhi, but the function of parkin in immunity has 
remained unexplored. Here we show that parkin has a role in ubiquitin-mediated autophagy of M. tuberculosis. Both 
parkin-deficient mice and flies are sensitive to various intracellular bacterial infections, indicating parkin has a conserved 
role in metazoan innate defence. Moreover, our work reveals an unexpected functional link between mitophagy and 


infectious disease. 


Eukaryotic cells target invading microbes to autophagosomes through 
a process termed xenophagy, which has a key role in innate immune 
defence. Various intracellular bacterial pathogens, including Mycobac- 
terium tuberculosis, are targeted for xenophagy through a ubiquitin- 
mediated pathway that surrounds bacteria with conjugated ubiquitin 
chains’ *. Marking with polyubiquitin presumably recruits ubiquitin- 
binding autophagy adaptors such as p62, which in turn engage the 
autophagic machinery for autophagosome formation and delivery of 
bacteria to the lysosome’**. Although ubiquitin-binding adaptors are 
required for xenophagy, whether ubiquitin itself directly mediates bac- 
terial autophagy is not clear because the identities of the ubiquitinated 
substrate(s) and ligase(s) responsible for coating cytosol-exposed bac- 
teria are poorly understood. 

In a fashion similar to xenophagy, the process of mitophagy elim- 
inates damaged mitochondria through ubiquitin-mediated targeting 
to autophagosomes. A key step in mitophagy is marking of damaged 
mitochondria by the ubiquitin ligase parkin, which localizes to the 
organelle and directly ubiquitinates proteins on the mitochondrial 
surface°. Ubiquitin-tagged mitochondria are directed to the autopha- 
gosome pathway by p62 (refs 6-8) and several other factors’, ulti- 
mately delivering the organelle to the lysosome’. 

PARK2 mutations in humans are well-known risk factors for the 
development of Parkinson’s disease, but polymorphisms in the regu- 
latory region of PARK2, some of which result in decreased parkin 
expression’, have been associated with increased susceptibility to 
the intracellular pathogens Mycobacterium leprae and S. enterica serovar 
Typhi’®". Although a genetic link to increased infection risk has been 
identified, the function of parkin in immunity has remained obscure. 
We have identified that parkin, similar to its role in mitophagy, is also 
important for innate defence against M. tuberculosis and other intra- 
cellular pathogens by promoting xenophagy. This work provides a 


possible mechanism underlying the human genetic studies linking 
parkin to increased susceptibility to bacterial infection and reveals a 
surprising connection between mitochondrial homeostasis and patho- 
gen defence. 


Parkin in TB-ubiquitin co-localization 

We have shown previously that on infection of macrophages, M. tuberculosis 
bacilli that puncture phagosomal membranes through their ESX-1 
secretion system gain access to the host cytosol but become enveloped 
by conjugated ubiquitin chains and are targeted to autophagosomes 
by p62 and NDP32 (ref. 3). Although the role of ESX-1 in autophagy 
induction is probably complicated”, it is clear that approximately one- 
third of wild-type intracellular bacteria are targeted to autophagy during 
macrophage infection and that this has a major role in host resistance to 
infection*’. Because of the commonalities between mitophagy and auto- 
phagy of intracellular mycobacteria, and the links between PARK2 poly- 
morphisms and increased susceptibility to bacterial infection in humans, 
we speculated that parkin may also be recruited to M. tuberculosis- 
containing phagosomes and target them for ubiquitin-mediated autophagy. 
Indeed, after infection of murine bone marrow-derived macrophages 
(BMDMs) with M. tuberculosis expressing mCherry, we found that 
parkin localized to approximately 12% of wild-type M. tuberculosis 
phagosomes but not to ESX-1 mutants (Fig. 1a, Extended Data Fig. 1). 
Next, we infected BMDMs isolated from wild-type and Park2~’~ mice 
and performed immunofluorescence co-localization experiments 
using antibodies that recognize polyubiquitin. As shown in Fig. 1b, c, 
Park2-’~ BMDMs were severely defective for M. tuberculosis ubiquitin 
co-localization as compared to control macrophages, resulting in a signi- 
ficant reduction in ubiquitin-positive mycobacteria. Likewise, short 
hairpin RNA (shRNA) knockdown of parkin expression in human 
macrophage cell lines also resulted in a drastic reduction in ubiquitin 
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Figure 1 | Parkin activity is required for M. tuberculosis—ubiquitin co- 
localization. a, Wild-type (WT) and Park2~'~ BMDMs were infected with 
mCherry-expressing M. tuberculosis (Mtb) for 4h and immunostained using 
anti-parkin antibodies. b, Wild-type BMDMs were infected with mCherry- 
expressing M. tuberculosis for 4h and immunostained for polyubiquitin. 

c, Quantification of ubiquitin-positive M. tuberculosis from b. Results are 
means = s.e.m. of three independent experiments (**P < 0.001, paired 
Student's t-test). d, U937 human macrophages expressing a scrambled shRNA 
(Control) or one of two different shRNAs targeting PARK2 (shRNA no. 1, 
shRNA no. 2) were infected with mCherry-expressing M. tuberculosis for 12h 
and immunostained for polyubiquitin. e, Quantification of ubiquitin positive 
M. tuberculosis from d, results are means + s.e.m. of three independent 
experiments (**P < 0.005, Student's f-test). f, The parkin and actin expression 
in cells from e was determined by western blotting. g, Park2-'~ BMDMs were 
transduced with lentivirus expressing BFP (—), wild-type parkin, or two separate 
mutant parkin alleles (T240R, P437L). Cells were infected with M. tuberculosis 
for 4h and ubiquitin and M. tuberculosis co-localization was quantified and 
expressed relative to control BMDMs. Results are means + s.e.m. of three 
independent experiments (**P < 0.005, paired Student’s t-test). h, The parkin 
and actin expression in cells from g was determined by western blotting. 


localization with M. tuberculosis cells (Fig. 1d-f), indicating that par- 
kin has a conserved role in mycobacterium ubiquitination in mice and 
humans. Knockdown of LRSAM1, a ubiquitin ligase recently implicated 
in antibacterial defence and ubiquitination of salmonellae'**”’, had no 
effect on ubiquitin or GFP-LC3 co-localization with M. tuberculosis 
(Extended Data Fig. 1b, c). Expression of wild-type Park2 in Park2~’~ 
cells restored ubiquitin localization around M. tuberculosis cells (Fig. 1g, h). 
In contrast, Park2-’~" BMDMs expressing either of two pathogenic 
RING domain mutantalleles that inactivate parkin’s E3 ligase activity, 
T240R or P437L**"*""*, failed to restore ubiquitin co-localization with 
M. tuberculosis (Fig. 1g, h). Taken together, these data demonstrate 
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Figure 2 | Parkin mediates K63-ubiquitin co-localization of M. tuberculosis 
and recruitment of ubiquitin-autophagy receptors. a, BMDMs were infected 
with mCherry-expressing M. tuberculosis for 4h and immunostained using 
linkage-specific ubiquitin antibodies. b, Quantification of K63 and K48 
ubiquitin-positive M. tuberculosis from a. (**P < 0.001, paired Student’s 
t-test). c, Same as a except immunostained for NDP52, p62, phospho-TBK1 or 
NBRI. d, Quantification of co-localization from ¢ (n = 3 per group, 

**P <(),001). All errors, s.e.m. 


that parkin and its E3 ligase activity are critical for the co-localization 
of ubiquitin with M. tuberculosis during infection. 


Parkin mediates K63-linked polyubiquitin 


We showed previously that both K63- and K48-linked polyubiquitin 
chains accumulate around M. tuberculosis’. Because parkin is known 
to catalyse K63-linked ubiquitin chains*’’, we sought to determine the 
nature of the residual ubiquitin surrounding M. tuberculosis in 
Park2-‘~ BMDMs. Using ubiquitin linkage-specific antibodies*'’, 
we found that in wild-type BMDMs, approximately 26-29% of all 
intracellular bacteria (~90-95% of all ubiquitin-positive bacilli) co- 
localized with K63 ubiquitin, whereas only 5-7% bacilli stained for 
K48 (Fig. 2a, b). Additionally, expression of HA-epitope-tagged forms 
of K48 and K63 ubiquitin within BMDMs supported the notion that 
K63-linked polyubiquitin is more abundant surrounding M. tuber- 
culosis than the K48-linked form (Extended Data Fig. 2). In Park2~/— 
BMDMs, however, there was a specific decrease in the number of 
K63-positive mycobacteria, whereas the K48-positive population 
remained unaffected (Fig. 2a, b, Extended Data Fig. 2). Previous 
electron microscopy studies indicated that though ubiquitin can loc- 
alize directly with M. tuberculosis, the majority of ubiquitin is found 
on membranous structures surrounding M. tuberculosis-containing 
phagosomes'*’?*!. To address whether bacterial or host proteins 
become ubiquitinated, we used a digitonin-based method that specifically 
permeabilizes the plasma membrane and leaves phagosomes intact 


26 SEPTEMBER 2013 | VOL 501 | NATURE | 513 


©2013 Macmillan Publishers Limited. All rights reserved 


ARTICLE 


with luminal contents inaccessible to antibodies'°” (Extended Data 
Fig. 3a). As shown in Extended Data Fig. 3b, antibodies against poly- 
ubiquitin and K63-ubiquitin stained digitonin-permeabilized cells and 
resulted in co-localization with mCherry-expressing M. tuberculosis. 
Importantly, anti-M. tuberculosis antibodies failed to stain M. tuberculosis 
within digitonin-permeabilized cells and stained cells only after addition 
of Triton X-100 detergent, demonstrating that digitonin-permeabilized 
cells contained intact phagosomes (Extended Data Fig. 3b, c). Taken 
together, these data suggest that parkin facilitates the linkage of K63- 
linked ubiquitin chains surrounding M. tuberculosis containing pha- 
gosomes, although the exact protein target(s) remain to be explored. 
Furthermore, these data also suggest that at least one other ubiquitin 
ligase works independently of parkin to catalyse the K48-linked ubi- 
quitination that surrounds a minor population of M. tuberculosis cells. 


Parkin required for TB autophagy 


Ubiquitination coincides with autophagic targeting of M. tuberculosis, 
but a causal relationship has not been demonstrated. To determine 
whether parkin-mediated ubiquitination directs autophagic targeting 
of M. tuberculosis, we infected wild-type and Park2 "macrophages 
with M. tuberculosis and measured co-localization of bacilli with mul- 
tiple markers of autophagy. Microscopy analysis of proteins involved in 
ubiquitin recognition (NBR1, NDP52, p62, phospho-TBK1) revealed 
reduced co-localization with M. tuberculosis in Park2~’~ macrophages 
(Fig. 2c, d), suggesting that parkin-mediated ubiquitination directly 
leads to the recruitment of the proximal ubiquitin-adaptors that facil- 
itate autophagic targeting of mycobacteria. Likewise, mycobacterial 
cells within infected Park2-/~ BMDMs had reduced co-localization 
with autophagic proteins LC3 and ATG12 relative to infection of 
wild-type BMDMs (Fig. 3a, b), suggesting that the K63-linked poly- 
ubiquitin catalysed by parkin is required for delivery of M. tuberculosis 
to autophagosomes. Consistent with this notion, Park2~’~ cells were 
defective in conversion of LC3 to its activated, lipidated form, LC3-II, 
during M. tuberculosis infection, further demonstrating that parkin is 
required for autophagy of mycobacteria (Fig. 3c). 


Parkin limits TB replication 


The autophagy pathway serves to limit M. tuberculosis replication in 
macrophages by delivering bacilli to the lysosome*”’. To determine 
whether parkin-mediated ubiquitination is required for autophagic 
targeting of M. tuberculosis to lysosomes, we infected BMDMs with 
M. tuberculosis and monitored co-localization with the lysosomal 
marker, LAMP1. During M. tuberculosis infection of wild-type BMDMs, 
approximately 30% of bacilli stained positive for LAMP1 at 6h post- 
infection (Fig. 3d, e). In contrast, only 2-5% of bacilli co-localized with 
LAMP1 during M. tuberculosis infection of Park2-/~ macrophages. 
This was similar to macrophages deficient for the essential autophagy 
protein, ATGS5 (Fig. 3d, e)*°. To test whether these differences led to 
changes in bacterial survival, we infected Park2-'~ and Atgs ‘~ BMDMs 
with wild-type M. tuberculosis and determined bacterial viability by 
enumerating colony-forming units (c.f-u.). Infection of BMDMs defi- 
cient for either ATGS or parkin resulted in a 2- or a 2.5-fold increase in 
bacterial numbers, respectively, relative to control BMDMs by 12h 
post-infection (Fig. 3f). Conversely, overexpression of parkin in RAW 
264.7 macrophages led to decreased bacterial replication (Fig. 3g). Impor- 
tantly, knockdown of parkin expression in human U937 cells also led to 
an increase in bacterial replication during infection (Fig. 3h). Taken 
together, our data demonstrate that parkin-mediated ubiquitination 
leads to the autophagic targeting of M. tuberculosis and is essential for 
inhibition of mycobacterial replication in macrophages. 


Parkin mediates M. tuberculosis immunity 

Polymorphisms within the regulatory region of PARK2 in human 
populations have been identified as a common risk factor for increased 
susceptibility to Mycobacterium leprae and salmonellae infection®”'°"', 
suggesting that parkin has an important role in vivo against a broad 
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Figure 3 | Parkin mediates autophagic targeting of M. tuberculosis and 
limits bacterial replication. a, BMDMs were infected with mCherry- 
expressing M. tuberculosis (arrows) for 4h and immunostained for LC3 (LC3B 
antibody) or ATG12. b, Quantification of results from a (n = 3 per group, 
**P < 0,001). c, Western blot analysis of LC3 (LC3B antibody) from cell lysates 
from a. d, BMDMs were infected with mCherry-expressing M. tuberculosis 
(arrows) for 6h and immunostained for LAMP1. e, Quantification of results 
from d expressed relative to control BMDMs (n = 3 per group, **P < 0.001). 
f, BMDMs were infected with M. tuberculosis and colony-forming units (c.f.u.) 
at t= 0 and t = 16h were determined by plating. Results were normalized to 
t = 0(n = 3 per group, *P < 0.02). g, RAW264.7 macrophages transduced with 
lentivirus expressing green fluorescent protein (GFP) or parkin were infected 
with M. tuberculosis and c.f-u. were determined after 16h. Results were 
normalized to GFP-expressing cells (n = 3 per group, **P < 0.0076). h, U937 
human macrophages expressing either scrambled or PARK2 shRNAs were 
infected with M. tuberculosis for 36h and c.f-u were determined. Results were 
normalized to t = 0 (N = 3 per group, *P < 0.02). All errors, s.e.m. 


range of intracellular bacterial infections. We began to test this by first 
determining whether parkin was required in vivo during M. tuber- 
culosis infection of mice. We performed a low-dose aerosol infection 
of wild-type and Park2~'~ knockout mice and determined mouse 
survival and bacterial burden within infected tissues. In comparison 
to infected wild-type mice, Park2~'~ knockout mice had a tenfold 
increase in bacterial c.f.u. within infected lungs, spleens and liver by 
21 days post-infection (Fig. 4a, b). Furthermore, survival studies 
revealed that Park2~'~ mice were extremely susceptible to M. tuber- 
culosis, because all infected mice succumbed to overwhelming infection 
by 85 days post-infection, whereas all infected wild-type mice remained 
alive and displayed no overt signs of weight loss or stress (Fig. 4c). 
Immunohistochemistry staining of infected mouse lungs revealed 
robust parkin expression in mouse granulomas within the central 
macrophage-containing zone (Fig. 4d). In agreement with our mouse 
experiments, we also observed high expression of parkin within human 
lung granuloma tissue samples from M. tuberculosis-infected patients 
(Fig. 4e, Extended Data Fig. 4). Further analysis of human lung speci- 
mens by confocal microscopy revealed the presence of parkin puncta 
within M. tuberculosis-infected cells as well as in vivo co-localization of 
parkin with M. tuberculosis (Fig. 4f). Park2~‘~ mice were also highly 
susceptible to another intracellular pathogen, Listeria monocytogenes, 
resulting in 10-20-fold higher bacterial burdens relative to wild-type 
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Figure 4 | Parkin is required for control of bacterial infection in vivo. a, WT 
and Park2~‘~ mice were infected with wild-type M. tuberculosis by aerosol and 
lung bacterial burdens were determined by plating (means ~ s.d., n = 5 per 
group, *P < 0.02 by Student’s t-test). b, Enumeration of liver and spleen 
c.fu. from mice infected in a, 21 days post-infection (means + s.d, n = 5 per 
group, *P < 0.03 by Student’s t-test). c, Survival of M. tuberculosis-infected 
wild-type and Park2~/~ mice (n = 10, **P < 0.001 by log-rank test). 

d, Immunohistochemistry staining of lung sections from infected mice 21 days 
post-infection, scale bar, 50 tm. e, Immunohistochemistry staining of lung 
sections from a human patient with active tuberculosis. Scale bars, 

500 um (4), 50 ptm (X40). f, Confocal microscopy images of human lung 
sections from e immunostained for M. tuberculosis and parkin; DNA was 
visualized using DAPI (4’,6-diamidino-2-phenylindole). Scale bars, 25 jim. 

g, Mice were infected with wild-type L. monocytogenes by i.p. injection and 
bacterial burdens in livers and spleens were determined by plating 

(means = s.d., n = 7 per group, *P < 0.04 by Student’s t-test). 


mice within infected spleens and liver (Fig. 4g). Taken together, these 
data demonstrate that parkin is essential in vivo for controlling intra- 
cellular bacterial pathogens within mice and suggest a role for parkin in 
human tuberculosis disease. 


Conserved role of parkin in immunity 


Park2 is present in all metazoans*”’, including Drosophila melanoga- 


ster and Caenorhabditis elegans, with well-characterized functions in 
mitochondrial maintenance and in models of Parkinson’s disease. 
Because xenophagy of intracellular pathogens is a highly evolutiona- 
rily conserved innate immune defence mechanism, we sought to 
determine whether parkin also has an evolutionarily conserved role 
in immunity within non-mammalian organisms. We began by first 
analysing parkin-deficient D. melanogaster strains using models of 
bacterial systemic infection. We obtained two mutant fly lines with 
independent disruptions of the parkin gene (park®!°°, park) 
and infected them with L. monocytogenes, which has previously been 
shown to induce autophagy within flies**. In contrast to wild-type 
infected flies, parkin mutants were severely defective in ATG8/LC3 
processing during infection (Fig. 5a), suggesting that parkin has a role 
in autophagic immunity within flies. Consistent with our results in 
mice, parkin mutant flies were also highly susceptible to L. monocy- 
togenes infection and led to 10-50-fold increases in bacterial burdens 
relative to wild-type infected flies (Fig. 5b). This was accompanied by 
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Figure 5 | Parkinis required for control of S. enterica serovar Typhimurium 
and M. marinum infection within flies. a, Wild-type and two independent 
parkin-deficient D. melanogaster lines (park°°°°, park!) were infected 
with L. monocytogenes by anterior abdomen injection. Atg8 processing was 
monitored in whole-fly protein lysates by western blotting. b, L. monocytogenes 
c.f.u. from a were determined by plating (means = s.d., n = 3-5, **P < 0.001 
by Student’s t-test). c, Survival of D. melanogaster was determined (n = 33, 
**P < 0.001 by log-rank test). d, e, Flies were infected with S. enterica serovar 
Typhimurium and bacterial c.f-u. (d) (means + s.d., n = 3-5 per group, 

**P < 0.009 by Student’s t-test) and fly survival (e) were determined (n = 59, 
**P < 0.001 by log-rank test). f, Survival of flies infected with M. marinum 
(n = 37, **P < 0.0045 by log-rank test). 


decreased survival, with a median lifespan of two days following 
infection (Fig. 5c). In addition, parkin mutant flies were also suscept- 
ible to other autophagy-inducing intracellular pathogens such as 
S. enterica serovar Typhimurium and Mycobacterium marinum. By 
9h post-infection, parkin-deficient flies had a tenfold increase in 
S. enterica serovar Typhimurium burden relative to wild-type flies 
(Fig. 5d). Moreover, parkin mutant flies had significantly decreased 
lifespans upon infection with either S. enterica serovar Typhimurium 
(Fig. 5e) or M. marinum (Fig. 5f). C. elegans strains deficient in the 
parkin homologue (pdr-1) were also highly susceptible to S. enterica 
serovar Typhimurium infection (data not shown). Altogether, our 
data show that parkin homologues within metazoans are required 
for proper immune response to infection, suggesting an evolutionarily 
conserved role in innate immunity. 


Discussion 

Our findings reveal that parkin regulates a common cellular program by 
which metazoans mediate quality control of endogenous mitochondria 
(self) and eradicate harmful bacterial pathogens (non-self). Although 
these two activities are seemingly disparate, the evolutionary origin of 
mitochondria from a bacterial endosymbiont suggests that perhaps 
mitochondrial dysfunction triggers the recognition of the organelle as 
non-self. For example, mitochondria (and bacterial endosymbionts*”’) 
may actively evade parkin surveillance, but these inhibitory processes are 
overridden on organelle damage. Alternatively, several studies have shown 
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that damaged mitochondria may serve as a “danger-associated molecular 
pattern’, resulting in the activation of several innate immune receptors 
such as Toll-like receptors and the NLRP3-inflammasome complex”**”’. In 
view of recent studies showing that intracellular infection with several 
pathogens such as L. monocytogenes result in altered host mitochondria 
dynamics”, it is tempting to speculate that damaged mitochondria may 
serve as a signal for intracellular infection and activation of xenophagy. 
Our results also provide a molecular explanation for increased bac- 
terial susceptibility of humans with polymorphisms in the PARK2 
regulatory region®'®"', broadening the role of parkin beyond mito- 
chondrial homeostasis. Indeed, several recent studies have shown 
parkin to participate in a wide array of cellular processes such as 
apoptosis*’, regulation of lipid metabolism and cytokine production 
on infection”, all of which may contribute to the in vivo importance of 
parkin in immunity. This work highlights the unexpected connection 
between mitochondrial-based neuronal disorders and susceptibi- 
lity to bacterial infection in humans. Recent genome-wide association 
studies on inflammatory bowel disease, which is linked to altered host- 
gut microbe interactions, have identified susceptibility single nucleo- 
tide polymoprhisms within LRRK2 and PARK7, two genes canonically 
associated with Parkinson’s disease****. Thus, we surmise that genes 
typically associated with neuronal maintenance or mitophagy may 
have broad roles in cellular homeostasis within various cell types. 


METHODS SUMMARY 


Macrophages were infected with M. tuberculosis (Erdman strain) using a ‘spin- 
fection’ protocol’ in which monolayers were overlaid with bacterial suspensions, 
centrifuged for 10 min at 183g, and extensively washed to remove extracellular 
bacteria. Park2-/~ macrophages expressing parkin constructs were generated by 
transducing marrow cells from knockout mice with lentivirus, followed by dif- 
ferentiation into macrophages. During day 3 of differentiation, cells were selected 
with 5 pg ml! of puromycin. For immunofluorescence, macrophages were cul- 
tured on coverslips, infected at a multiplicity of infection (m.o.i.) of 1 and fixed in 
4% paraformaldehyde before permeabilization and incubation with antibodies. 
All co-localization studies were blinded, with a minimum count of 200 cells per 
coverslip, and were performed in triplicate. For c.f.u. experiments, macrophages 
were infected at m.o.i. = 5 and viable bacteria were enumerated by plating lysates 
on solid media. Mice (C57BL/6 background) were infected with M. tuberculosis 
by aerosol infection (200 c.f.u.) and animals were euthanized on losing 15% of 
their maximal body weight, in accordance with an approved UCSF IACUC 
protocol. For L. monocytogenes (10403 s strain) infections, mice were infected 
by intraperitoneal injection with 4 X 10° c.f.u. Bacteria were enumerated by plat- 
ing organ homogenates onto solid media. Male 5- to 7-day-old flies were injected 
with L. monocytogenes (1,000 c.f.u.), S. enterica serovar Typhimurium (2,500 
c.f.u., SL1344 strain) or M. marinum (1,000c.f.u., M strain) in 50 nl of culture 
into the anterior abdomen. Fly survival was calculated daily. 


Online Content Any additional Methods, Extended Data display items and 
Source Data are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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METHODS 

Mice and macrophages. Park2 ’~ mice on the C57L/B6 background were a gift 
from K. Nakamura (Gladstone Institute)'***. GFP-LC3 transgenic mice on the 
C57L/B6 background were a gift from N. Mizushima and used as previously 
described*. Wild-type C57BL/6 mice were purchased from Jackson Laboratories. 
BMDMs were obtained from mouse femurs as previously described’ and cultured 
in DMEM H-21 supplemented with 20% FBS and 10% MCSF derived from 3T3- 
MCSF cells. U937 and Raw264.7 cells were obtained from ATCC and tested for 
mycoplasma before purchase. U937 monocytes were stimulated overnight with 
20 ng ml ! of phorbol 12-myristate 13-acetate (PMA) (Sigma) before infections. 
Antibodies. The following antibodies were used: LC3B (L10382 Invitrogen), 
NDP52 (Abnova DO1), p62/SQSTM1 (Abnova 2C11), rabbit anti-Drosophila 
Atg-8 (gift from S. Cherry, University of Pennsylvania), anti-Mtb (BEI Resources 
NR-13818), polyubiquitin (Enzo FK1), phospho-TBK1 (Cell Signaling #5483), 
tubulin (Cell Signaling #2128), mouse-monoclonal parkin (Cell Signaling #4211) 
and ATG12 (Cell Signaling #2011), rabbit polyclonal anti-parkin (Abcam 15954), 
anti-NBR1 (Abcam 55474), humanized rabbit monoclonal antibodies specific for 
K63 or K48 (gift from E. Brown laboratory at Genentech). 

Bacterial strains. The following bacterial strains were used: M. tuberculosis 
(Erdman), L. monocytogenes (10403 s), M. marinum (M), and S. enterica serovar 
Typhimurium (SL1344). Wild-type and AesxA mycobacteria expressing mCherry 
were previously described’. 

Macrophage infection. For infections with M. tuberculosis, macrophages were 
infected as previously described’. Briefly, M. tuberculosis cultures were washed 
twice with PBS, gently sonicated to disperse clumps and resuspended in DMEM 
supplemented with 10% horse serum. Media was removed from cells, monolayers 
overlaid with the bacterial suspension and centrifuged for 10 min at 183g. Cells 
were washed twice in PBS and returned to macrophage media. For determination 
of bacterial viability following infection, cells were lysed in 1% Triton X-100 and 
plated on 7H10 solid media. 

Western blotting. Protein lysates from cells and flies were obtained by lysis in 
RIPA buffer (Sigma) at the indicated time points. A micro BCA protein kit 
(Pierce) was used to measure protein levels and equal amounts of protein were 
electrophoresed on 4-20% Tris-HCL Criterion gels (Bio-Rad) and transferred 
onto nitrocellulose membranes. Western blots were analysed using an Odyssey 
Imager (Licor) according to the manufacturer’s instructions. Western blot figures 
are a representative of at least two independent experiments. 
Immunofluorescence. Infected cells were immunostained and visualized as 
previously described’. Briefly, macrophages were seeded onto poly-lysine-coated 
coverslips and infected with M. tuberculosis as described above. Cells were 
infected at an m.o.i. of 1, and fixed in 4% paraformaldehyde for 20 min at the 
indicated time points. Cells were incubated with indicated primary antibodies for 
2 hat room temperature in 5% milk and 0.05% saponin, and were visualized using 
secondary Alexa-Fluor488 antibodies. For parkin immunofluorescence, cells 
were stained using rabbit polyclonal anti-parkin (Abcam15954) and an HRP 
conjugated donkey anti-rabbit secondary (1:100, Jackson Immunochemicals) 
followed by amplification with AlexaFluor-488 tyramide (Invitrogen). Co-local- 
ization studies were performed as blinded experiments, with a minimum count of 
200 cells per coverslip and performed in triplicate. Data shown are the mean + 
s.e.m. of at least 3 experiments. 

Mouse infection. Non-randomized mice (female 5—8-weeks old) were infected 
with M. tuberculosis through low-dose aerosol infection (200 c.f.u.) as previously 
described*’. Sample size (n = 5 per group) was based on empirical evidence from 
previously published reports” as the size necessary for adequate statistical ana- 
lysis. Lungs, liver and spleens were collected, homogenized and plated on 7H10 
agar plates. For survival experiments, infected mice were euthanized when they 
had lost 15% of their maximal body weight. For L. monocytogenes infections, mice 
were infected by intraperitoneal injection with 4 X 10° bacteria. Then 96 h post- 
infection, liver and spleen from infected mice were homogenized and serial dilu- 
tions were plated onto BHI agar plates. No blinding was done for these animal 
studies and all mice were housed and treated humanely using procedures 
described in animal care protocols approved by the Institutional Animal Care 
and Use Committees of UC San Francisco and UC Berkeley. 

Fly strains and infections. The whitel 118 strain (Bloomington stock centre, stock 
6326) was used as the wild-type parental strain for all experiments. The park 
and park” 190 alleles are from the Exelexis piggyBac transposon collection’. 
park°° was obtained from Bloomington stock centre and park”! was obtained 
from the Exelexis collection at Harvard. Infections were done as previously 
described’. Male 5-7-day-old flies were anaesthetized with CO, and injected with 
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L. monocytogenes (1,000 c.f.u.), S. enterica serovar Typhimurium (2,500 c.f.u.) or 
M. marinum (1,000 c.f.u.) in 50 nl of culture into the anterior abdomen. Infected 
flies were homogenized in PBS supplemented with 1% Triton X-100 and serial 
dilutions were plated onto solid media. For survival analysis, the number of dead 
flies was counted daily and analysed using a log-rank test. 

Lentiviral virus knockdown and complementation. Lentivirus expressing 
shRNAs targeting human PARK2 and LRSAM1 transcripts was generated using 
the Mission PLKO.1 lentivirus system from Sigma. A lentivirus expressing a non- 
targeting scrambled shRNA was used as a control. U937 cells were transduced 
with lentivirus as per the manufacturer’s instructions and stable cell lines were 
generated by selection with puromycin. For transgene expression of human 
PARK2 and PARK2 mutants, full-length PARK2 was cloned into pBluescript 
vector and RING domain mutants were generated using a QuikChange site-direc- 
ted mutagenesis kit (Stratagene). HA-tagged ubiquitin constructs were obtained 
from Addgene”’. Lentivirus expressing protein constructs was generated using the 
pLentiX system®. RAW264.7 cells were transduced and selected on puromycin for 
1 week. BMDM cells expressing lentiviral constructs were generated by transdu- 
cing marrow cells from knockout mice with lentivirus followed by differentiation 
into macrophages as described above. During day 3 of differentiation, cells were 
selected with 5 jig ml~! of puromycin. 

Statistics. Statistical analysis of data was performed using Prism software 
(GraphPad). Two-tailed unpaired Student’s t-tests were used for analysis of micro- 
scopy images and mycobacterium c.f.u. assays. The Kaplan—Meir method was used 
to analyse mouse survival. 

RNA isolation and qPCR. RNA was isolated and purified from cells using the 
Trizol micro-midi RNA isolation kit (Invitrogen) as per the manufacturer’s 
instructions. For qPCR analysis, 2 ug of RNA was reverse transcribed using the 
VILO cDNA synthesis kit (Invitrogen) and qPCR analysis was performed in 
triplicate using a MJ Research Opticon 3200 machine. Data in figure graphs 
are representative of at least three independent experiments. 

Digitonin permeabilization. Differential digitonin permeabilization of infected 
macrophages was performed as previously described”. 
Immunohistochemistry of mouse specimens. Paraffin-embedded specimens 
were deparaffinized in xylene, subjected to heat-mediated antigen-retrieval in 
10mM sodium citrate (pH 6.0), permeabilized in 0.2% Triton X-100 (Sigma), 
treated with mouse on mouse blocking reagent (Vector Laboratories) and blocked 
in 5% donkey sera. Parkin was detected using a mouse monoclonal anti-parkin 
antibody (Cell Signal #4211) (1:50) and an HRP-conjugated donkey anti-rabbit 
secondary (1:250, Jackson Immunochemicals), amplified with AB reagent 
(Vectastain) and detected using DAB reagent (Thermo Scientific). Images were 
acquired using a Zeiss Axioplan 2 microscope. 

Immunohistochemistry and immunofluorescence of human specimens. 
Human lung biopsy specimens were obtained from patients with active tuber- 
culosis. Paraffin-embedded specimens were deparaffinized in xylene, subjected to 
heat-mediated antigen-retrieval in 10 mM sodium citrate (pH 6.0), permeabilized 
in 0.2% Triton X-100 (Sigma) and blocked in 5% donkey sera. For immunohisto- 
chemistry, parkin was detected using a rabbit polyclonal anti-parkin antibody 
(Abcam) (1:25) and an HRP-conjugated donkey anti-rabbit secondary (1:250, 
Jackson Immunochemicals), amplified with AB reagent (Vectastain) and 
detected using DAB reagent (Thermo Scientific). Images were acquired using a 
Zeiss Axioplan 2 microscope. For immunofluorescence, parkin was identified 
using rabbit polyclonal anti-parkin (Abcam15954) at 1:25 and an HRP conju- 
gated donkey anti-rabbit secondary (1:100, Jackson Immunochemicals) followed 
by amplification with tyramide (1:50, Perkin Elmer). TB was identified using 
guinea pig anti-TB (1:25, BEI Resources, NR-13818) and an Alexa488 conjugated 
donkey anti-guinea-pig secondary (1:100, Jackson Immunochemicals). Images 
were acquired using a Leica TCS SP5 confocal microscope. All human tissue speci- 
mens were obtained with consent. This study of human tissue specimens has been 
exempted under 45 CFR 46.101(b) and was approved by the Institutional Review 
Board at the University of Texas Southwestern Medical Center. 
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Extended Data Figure 1 | Quantification of parkin co-localization and 
effect of LRSAM1 knockdown in BMDMs. a, Quantification of parkin- 
positive M. tuberculosis in BMDMs from wild-type and Park2~’~ mice, from 
Fig. 1a. b, BMDMs from LC3-GFP transgenic mice were transduced with 
lentivirus expressing either a scrambled shRNA control (Ctrl) or shRNAs 
targeting either LRSAM1 or parkin. Lentiviral transduced cells were then 


infected with mCherry-expressing M. tuberculosis and the co-localization of 
GFP-LC3 and ubiquitin was quantified by immunofluorescence. *P < 0.014, 
**P < 0.008 by Student’s t-test c, Quantitative PCR with reverse transcription 
(RT-qPCR) expression of LRSAM1 and parkin transcripts in lentiviral 
transduced cells from a. Data shown are expressed relative to actin expression. 
*P < 0.033, **P < 0.0035 by Student’s t-test. 
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Extended Data Figure 2 | Co-localization of HA-ubiquitin species during —_ (K48). Transduced cells were then infected with mCherry-expressing M. 


M. tuberculosis infection. a, Wild-type BMDMs were transduced with tuberculosis and immunostained using anti-HA antibodies 4h post-infection. 
lentivirus expressing HA-tagged constructs of wild-type ubiquitin (WT), b, Quantification of HA-ubiquitin co-localization with M. tuberculosis from 
ubiquitin with all lysine residues mutated to arginine except for lysine 63 (K63), a. **P < 0.001 by Student’s t-test. 

or ubiquitin with all lysine residues mutated to arginine except for lysine 48 
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a, Cartoon model showing digitonin differential permeabilization of permeabilization with Triton X-100 treatment. c, Quantification of ubiquitin 


macrophages and antibody accessibility to phagosomes. b, Microscopy images _ co-localization with M. tuberculosis from b. N.D., not determined. 
of wild-type BMDMs were infected with mCherry-expressing M. tuberculosis. 
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Extended Data Figure 4 | Immunohistochemistry analysis of parkin within Immunohistochemistry was performed on specimens using either anti-parkin, 


human patients with active tuberculosis. Lung biopsy samples were obtained —_anti-M. tuberculosis or an IgG control antibody. Positive cells were visualized by 
from three different human patients with active tuberculosis. DAB staining. Scale bar, 100 um. 
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Swings between rotation and accretion power in a 


binary millisecond pulsar 
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It is thought that neutron stars in low-mass binary systems can 
accrete matter and angular momentum from the companion star 
and be spun-up to millisecond rotational periods’ *. During the 
accretion stage, the system is called a low-mass X-ray binary, and 
bright X-ray emission is observed. When the rate of mass transfer 
decreases in the later evolutionary stages, these binaries host a radio 
millisecond pulsar** whose emission is powered by the neutron star’s 
rotating magnetic field®. This evolutionary model is supported by 
the detection of millisecond X-ray pulsations from several accreting 
neutron stars”* and also by the evidence for a past accretion disc in a 
rotation-powered millisecond pulsar’. It has been proposed that a 
rotation-powered pulsar may temporarily switch on’®”” during 
periods of low mass inflow’ in some such systems. Only indirect 
evidence for this transition has hitherto been observed’*"*. Here we 
report observations of accretion-powered, millisecond X-ray pulsa- 
tions from a neutron star previously seen as a rotation-powered 
radio pulsar. Within a few days after a month-long X-ray outburst, 
radio pulses were again detected. This not only shows the evolutionary 
link between accretion and rotation-powered millisecond pulsars, 
but also that some systems can swing between the two states on very 
short timescales. 

The X-ray transient IGR J18245-2452 was first detected by INTEGRAL 
on 28 March 2013 and is located in the globular cluster M28 (see Sup- 
plementary Information). The X-ray luminosity of 3.5 X 10°° ergs * 
(0.5-10 keV), and the detection by the X-ray Telescope (XRT) on 
board Swift of a burst originated by a thermonuclear explosion at 
the surface of the compact object'’, firmly classified this source as 
an accreting neutron star with a low-mass companion. An observation 
performed by XMM-Newton on 4 April 2013 revealed a coherent 
modulation of its X-ray emission at a period of 3.93185 ms (Figs 1 
and 2). We observed delays in the pulse arrival times produced by the 
orbit of the neutron star around a companion star of mass >0.17Mo, 
with an orbital period of 11.0h (see Fig. 2). The spin and orbital 
parameters of the source were further improved by making use of a 
second XMM-Newton observation, as well as two observations per- 
formed by Swift XRT (see Table 1). 

Cross-referencing with the known rotation-powered radio pulsars 
in M28, we found that pulsar PSR J1824-2452I has ephemerides””’ 
identical to those of the INTEGRAL X-ray source IGR J18245-2452 
(see Table 1). However, the X-ray pulsations we have observed from 
IGRJ18245-2452 are not powered by the rotation of the magnetic field, 
unlike the radio emission of PSR J1824-2452I. The pulse amplitude 
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Figure 1 | Variability of the X-ray emission of IGR J18245-2452. a, Fourier 
power spectral density of the 0.5-10-keV X-ray photons observed by the EPIC 
pn camera on board XMM-Newton, during an observation starting on 13 April 
2013, for an exposure of 67.2 ks (observation ID 0701981501). The power 
spectrum was obtained by sampling the light curve with a time binning of 
0.236 ms, and averaging intervals 128 s in length. The times of arrival of 
photons were converted to the barycentre of the Solar System and to the line of 
nodes of the binary system hosting IGR J18245-2452, by using the parameters 
listed in Table 1. The peaks at 254.3 and 508.6 Hz represent the first and second 
harmonics of the coherent modulation of the X-ray emission of IGR 
J18245-2452. Considering photons observed during a 2-ks interval, not 
corrected for the pulsar orbital motion, the signal at the spin period of the 
neutron star is detected at a significance 2 800. The dashed solid line is the sum 
of a power-law noise function, P(f) « f ”, with y = 1.291(4), and of a white 
noise spectrum with an average value of 1.9900(2) Hz‘. Even considering the 
whole length of the time series, no break in the power-law noise could be 
detected at low frequencies. b, Light curve in the 0.5-10 keV energy band of the 
same observation, with a bin time of 5s. The possibility of contamination by 
soft proton flares was ruled out by extracting a light curve from a background 
region observed by EPIC-MOS cameras far from the source. Similar properties 
of variability to those shown here were observed during an XMM-Newton 
observation starting on 3 April 2013, for an exposure of 26.7 ks (observation ID 
0701981401). Error bars show +1o. 
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Figure 2 | Spin and orbit of IGR J18245-2452. a, Delays in pulse arrival time 
caused by the orbital motion of the neutron star (left axis) as measured by 
XMM-Newton during observations starting on 3 and 13 April 2013 (dots; 
observation IDs 0701981401 and 0701981501, with exposures of 26.7 and 
67.2 ks, respectively), and by Swift during observations starting on 30 March 
and 7 April 2013 (crosses; observation IDs 00552369000 and 00032785005, 
with exposures of 0.6 and 1.6 ks, respectively). Residuals with respect to the 
best-fit timing solution (solid line) are also shown (right axis). Pulse profiles 
observed in intervals 2 ks long were modelled using n = 12 phase bins. The 
significance of each detection was assessed from the probability that the 
variance of each folded pulse profile was compatible with counting noise, 
assuming that in the absence of any signal the latter was distributed as a 7” 
variable with (n — 1) degrees of freedom”. Only detections with a significance 
larger than 30 were considered. Delays in pulse arrival time were determined 
through standard methods of least-square fitting of the pulse profiles”, using 
two harmonic components and considering the values measured for the 
fundamental frequency component. b, Average pulse profile sampled in 32 
phase bins, accumulated over the two XMM-Newton observations (black dots), 
and the best-fit decomposition with two harmonics (solid line). The amplitudes 
of the first and second harmonics were 13.4(1)% and 1.9(1)%, respectively. Two 
cycles are plotted for clarity. In both panels, plotted error bars are the standard 
deviation of each measure. 


was observed to vary in strong correlation with the X-ray flux, implying 
that pulsations came from a source emitting ~10°° ergs ' in X-rays; 
this value is larger by more than two orders of magnitude than the 
luminosity shown by the X-ray counterparts of rotation-powered radio 
millisecond pulsars”, whereas it agrees nicely with the X-ray output of 


accretion-powered millisecond pulsars’. The X-ray spectrum of IGR 
J18245-2452 was also typical of this class, and the broad emission line 
observed at an energy compatible with the Fe Ka transition (6.4-6.97 keV) 
is most easily interpreted in terms of reflection of hard X-rays by a trun- 
cated accretion disk~* (see Supplementary Information and Supplemen- 
tary Table 1). Furthermore, pulsations were detected by Swift XRT 
during the decay of a thermonuclear burst, after a runaway nuclear 
burning of light nuclei that had accreted on the neutron star surface 
(see Supplementary Information). Such bursts are unambiguous indi- 
cators that mass accretion is taking place’’, and the oscillations observed 
in some of them trace the spin period of the accreting neutron star™*. 

We derived a precise position for IGR J18245-2452 by using a 
Chandra image taken on 29 April 2013, while the source was fading 
in X-rays. Analysis of archival Chandra observations from 2008 (see 
Supplementary Information and Supplementary Table 2) indicate that 
IGR J18245-2452 was already showing variations of its X-ray lumin- 
osity by an order of magnitude, as shown in Fig. 3, suggesting that it 
underwent other episodes of mass accretion in the past few years. This 
2008 enhancement of the X-ray emission followed the nearest previous 
detection of the radio pulsar, on 13 June 2008, by less than two months, 
indicating a very rapid transition from rotation-powered to accretion- 
powered activity (see Supplementary Table 3 for a summary of past 
observations of the source in the X-ray and radio bands). The Chandra 
position of IGR J18245-2452 is compatible with a variable unpulsed 
radio source that we detected with the Australia Compact Telescope 
Array on 5 April 2013, with spectral properties typical of an accreting 
millisecond pulsar in outburst” (see Supplementary Information). 

A combination of serendipitous and target-of-opportunity observa- 
tions with the Green Bank Telescope (GBT), Parkes radio telescope 
and Westerbork Synthesis Radio Telescope (WSRT) partly map the 
reactivation of IGR J18245-2452 as the radio pulsar PSR J1824-2452I 
(see Supplementary Information and Supplementary Table 3). No pul- 
sed radio emission was seen in any of the three observations in April 
2013, compatible with the neutron star’s being in an accretion phase 
and inactive as a radio pulsar. However, we caution that non-detection 
of radio pulsations from PSR J1824-2452I can also be due to eclipsing 
and that the lack of observable radio pulsations does not necessarily 
prove the absence of an active radio pulsar mechanism”. Radio pul- 
sations were detected in 5 of the 13 observations conducted with GBT, 
Parkes and WSRT in May 2013. These observations show that the 
radio pulsar mechanism was active no more than a few weeks after 
the peak of the X-ray outburst. 

In the past decade, IGR J18245-2452 has thus shown unambiguous 
tracers of both rotation-powered and accretion-powered activity, pro- 
viding conclusive evidence for the evolutionary link between neutron 
stars in low-mass X-ray binaries and millisecond radio pulsars. The 


Table 1 | Spin and orbital parameters of IGR J18245-2452 and PSR J1824-2452I 


Parameter 


IGR J18245-2452 


PSR J1824-2452| 


Right ascension (J2000) 
Declination (J2000) 


18h 24min 32.53(4) s 
-24° 52' 08.6(6)" 


Reference epoch (MJD) 56386.0 

Spin period (ms) 3.931852642(2) 3.93185(1) 
Spin period derivative 213° 1100>% 

Root mean square of pulse time delays (ms) 0.1 

Orbital period (h) 11.025781(2) 11.0258(2) 
Projected semimajor axis (light-seconds) 0.76591(1) 0.7658(1) 
Epoch of zero mean anomaly (modified Julian date) 56395.216893(1) 

Eccentricity <=10+ 

Pulsar mass function (Mo) 2.2831(1) x 10°? 2.282(1) x 10° 
Minimum companion mass (M3) 0.174(3) 0.17(1) 
Median companion mass (Ma) 0.204(3) 0.20(1) 


Coordinates, spin, and orbital parameters of IGRJ18245-2452 = PSRJ1824-24521. Celestial coordinates of |GRJ18245-2452 are derived from a Chandra X-ray observation performed using the High Resolution 
Camera (HRC-S) on 29 April 2013 (see Fig. 3). The spin and orbital parameters of IGR J18245-2452 were derived by modelling the delays in pulse arrival time of the fundamental frequency component, as 

observed in the 0.5-10-keV energy band by the EPIC pn camera on board XMM-Newton, and by the XRT on board Swift (see Fig. 2 and Supplementary Information for details). The solution covers the interval 
between 30 March and 13 April 2013. The peak-to-peak amplitude of the fundamental varied in correlation with the observed count rate (Spearman’s rank correlation coefficient p = 0.79 for 45 points, which has a 
probability of less than 10° ?° if the variables are uncorrelated), with a maximum of 18%. When detected, the second harmonic has an amplitude between 2% and 3%. The minimum and median masses of the 
companion star were evaluated fora 1.35M.5 mass of the neutron star, and for an inclination of the system of 90° and 60°, respectively. The spin and orbital parameters of PSRJ1824—24521 were taken from ref. 20 
and the Australia Telescope National Facility Pulsar Catalogue®!, considering errors on the last significant digit there quoted. The numbers in parentheses represent the uncertainties on the respective parameter 


evaluated at a 1o confidence level. Upper limits are quoted at a 3c confidence level. 
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Figure 3 | Long-term X-ray variability of IGR J18245-2452. a, b, Chandra/ 
ACIS-S images of the core of M28 taken during 4 August 2002 and 7 August 
2008, respectively. c, d, Chandra/HRC-S images of the same field taken during 
27 May 2006 and 29 April 2013, respectively. Images in a and c show the source 
in X-ray quiescence, emitting a luminosity of ~1.5 X 10°’ ergs 1, whereas 
during the observations shown in b and d the X-ray luminosity was of 

~2 x 10*¥ ergs | (see Supplementary Information for details). The luminosity 
emitted during the 2013 observation (d) was three orders of magnitude lower 
than that observed by Swift (3.5 X 10°° ergs * on 30 March 2013) and 
XMM-Newton (1.1 X 10°°ergs | on 3 April 2013) at the onset of the X-ray 
outburst, compatible with the source being close to the end of the accretion 
episode. A distance*® of 5.5 kpc was considered to derive these estimates. 


source swung between rotation-powered and accretion-powered states 
on timescales ofa few days to a few months; this establishes the existence 
of an evolutionary phase during which a source can alternate between 
these two states over a timescale much shorter than the billion-year-long 
evolution of these binary systems, as they are spun-up by mass accretion 
to millisecond spin periods”*. It is probable that a rotation-powered pul- 
sar switches on also during the X-ray quiescent states of other accreting 
millisecond pulsars'*”’, even if radio pulsations have not yet been detected”. 

The short timescales observed for the transitions between accretion- 
powered and rotation-powered states of IGR J18245-2452 are com- 
parable with those typical of X-ray luminosity variations. Like other 
X-ray transients, IGR J18245-2452 is X-ray bright (Lx ~ 10°° ergs ') 
only during a few month-long periods called ‘outbursts’; outside these 
episodes it spends years in an X-ray quiescent state (Lx < 10°*ergs '). 
These variations are caused by swings of the mass inflow rate onto the 
neutron star’’, and our findings strongly suggest that this quantity mainly 
regulates the transitions between accretion-powered and rotation-powered 
activity, which is compatible with earlier suggestions®’®'*. The X-ray 
luminosity of IGR J18245-2452 during quiescence (Lx ~ 10°" ergs’ ') 
implies that the rate of mass accretion was not larger than < 10 “Mo yr | 
during such a state. The presence of millisecond radio pulsations indi- 
cates that the pulsar magnetosphere kept the plasma beyond the light 
cylinder radius (located at a distance of ~200 km), despite the pressure 
exerted by the mass inflowing from the companion star. A pulsar 
magnetic field of the order of 10°-10° G is able to satisfy this condition 
and to explain the quiescent X-ray luminosity in terms of the pulsar 
rotational power (for a typical conversion efficiency of about 1%). The 
irregular disappearance of the radio pulses of PSR J1824-2452I during 
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During the 2013 outburst, the 0.5-10-keV spectrum of IGR J18245-2452 was 
dominated by a power law with index ~1.4, interpreted as Comptonization in 
an optically thin medium, of seed photons with a temperature of ~0.3 keV. 
XMM-Newton observations also detected a thermal component, modelled as 
an accretion disc truncated at an apparent projected inner radius of ~50 km, 
and a broad line, modelled with a Gaussian centred at 6.74 + 0.11 keV and of 
width 1.1 + 0.2 keV, compatible with Fe Kx transition (see Supplementary 
Information for details). The plotted error circles represent the 3¢ confidence 
level position of IGR J18245-2452, derived by Chandra (29 April 2013), 
XMM-Newton EPIC-MOS (3 and 13 April 2013), Swift XRT (30 March 2013) 
and ATCA (5 April 2013), plotted as cyan, white, yellow and red circles, 
respectively. 


the rotation-powered stage suggests that, during that phase, most of the 
matter that the companion transfers towards the neutron star is ejected 
by the pressure of the pulsar wind’’*. A slight increase in the mass 
transfer rate may subsequently push the magnetosphere back inside 
the light cylinder’. After a disk had sufficient time to build up, an X-ray 
outburst is expected to take place, as in the case of IGR J18245-2452 
during the observations reported here. As the mass accretion rate 
decreases during the decay of the X-ray outburst, the pressure of the 
magnetosphere is able to at least partly sweep away the residual matter 
from the surroundings of the neutron star, and a rotation-powered 
pulsed radio emission can reactivate. Our observations prove that such 
transitions can take place in both directions, ona timescale shorter than 
expected, perhaps only a few days. 

The discovery of IGR J18245-2452, swinging between rotation- 
powered and accretion-powered emission, represents the most strin- 
gent probe of the recycling model’”’, and the existence of an unstable 
intermediate phase in the evolution of low-mass X-ray binaries, offer- 
ing an unprecedented opportunity to study in detail the transitions 
between these two states. 
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Observation of dipolar spin-exchange interactions 
with lattice-confined polar molecules 
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With the production of polar molecules in the quantum regime’”, 
long-range dipolar interactions are expected to facilitate under- 
standing of strongly interacting many-body quantum systems and 
to realize lattice spin models’ for exploring quantum magnetism. In 
ordinary atomic systems, where contact interactions require wave- 
function overlap, effective spin interactions on a lattice can be 
mediated by tunnelling, through a process referred to as super- 
exchange; however, the coupling is relatively weak and is limited 
to nearest-neighbour interactions**. In contrast, dipolar interac- 
tions exist even in the absence of tunnelling and extend beyond 
nearest neighbours. This allows coherent spin dynamics to persist 
even for gases with relatively high entropy and low lattice filling. 
Measured effects of dipolar interactions in ultracold molecular 
gases have been limited to the modification of inelastic collisions 
and chemical reactions®’. Here we use dipolar interactions of polar 
molecules pinned in a three-dimensional optical lattice to realize a 
lattice spin model. Spin is encoded in rotational states of molecules 
that are prepared and probed by microwaves. Resonant exchange of 
rotational angular momentum between two molecules realizes a 
spin-exchange interaction. The dipolar interactions are apparent 
in the evolution of the spin coherence, which shows oscillations in 
addition to an overall decay of the coherence. The frequency of these 
oscillations, the strong dependence of the spin coherence time on 
the lattice filling factor and the effect of a multipulse sequence 
designed to reverse dynamics due to two-body exchange interac- 
tions all provide evidence of dipolar interactions. Furthermore, 
we demonstrate the suppression of loss in weak lattices due to a 
continuous quantum Zeno mechanism*. Measurements of these 
tunnelling-induced losses allow us to determine the lattice filling 
factor independently. Our work constitutes an initial exploration of 
the behaviour of many-body spin models with direct, long-range 
spin interactions and lays the groundwork for future studies of 
many-body dynamics in spin lattices. 

Long-range and spatially anisotropic dipole-dipole interactions 
permit new approaches for the preparation and exploration of strongly 
correlated quantum matter that exhibits intriguing phenomena such as 
quantum magnetism, exotic superfluidity and topological phases”. 
Ultracold gases of polar molecules provide highly controllable, long- 
lived and strongly interacting dipolar systems and have recently attracted 
intense scientific interest. Samples of fermionic “°K*’Rb polar mole- 
cules, with an electric dipole moment of 0.57 D (ref. 1; 1 D = 3.336 X 
10 *°Cm), have been prepared near the Fermi temperature, and all 
degrees of freedom (electronic, vibrational, rotational, hyperfine and 
external motion) can be controlled at the level of single quantum 
states”!*"°, 

The surprising discovery of bimolecular chemical reactions of KRb at 
ultralow temperatures**” seemed to be a major challenge in creating novel 
quantum matter. However, the molecules’ motion, and, consequently, 
their reactions, can be fully suppressed in a three-dimensional (3D) optical 
lattice, where relatively long lifetimes (>25 s) have been observed’*. The 
long-range dipolar interaction can then play the dominant part in the 


dynamics of the molecular internal degrees of freedom, for example by 
exchanging two neighbouring molecules’ rotational states. With spin 
encoded in the rotational states of the molecule, these dipolar interac- 
tions give rise to spin-exchange interactions, analogous to those that 
are important in quantum magnetism and high-temperature super- 
conductivity’®. In a 3D lattice, where each molecule is surrounded by 
many neighbouring sites, this system represents an intriguing many- 
body quantum spin system in which excitations can have strong cor- 
relations even at substantially less than unit lattice filling’. 

Several features distinguish the interactions in a molecular spin 
model from those observed in ultracold atomic systems. For the super- 
exchange interaction of atoms in optical lattices**, the short-range 
nature of the interparticle interactions necessitates a second-order 
perturbative process to occur in the tunnelling of atoms between lattice 
sites. Hence, the energy scale of the superexchange interaction decreases 
exponentially with lattice depth. This spin-motion coupling limits 
superexchange to nearest-neighbour interactions and requires extre- 
mely low temperature and entropy. 

In contrast, long-range dipolar interactions decay with separation, r, 
as 1/r’, and interactions beyond nearest neighbours are significant. This 
long-range interaction allows exploration of coherent spin dynamics in 
very deep lattices where the molecules’ translational motion is frozen 
and where the absence of tunnelling would preclude the superexchange 
interactions of atoms. We note that the dipolar interaction is also diffe- 
rent from that of electrons, for which an effective spin interaction arises 
due to the spin-independent Coulomb interaction and the exchange 
symmetry of the fermionic electrons. In contrast, the dipolar inter- 
action is a direct spin-spin interaction that does not require any wave- 
function overlap. In addition to polar molecules, ultracold systems such 
as magnetic atoms’®'*” and trapped ions”’”’ are candidates for reali- 
zing coherent, controllable spin models with power-law interactions; 
however, spin-exchange interactions have yet to be created and observed 
in these systems. In Rydberg atoms, Forster resonances involving multiple 
Rydberg states have been observed, albeit with short coherence times”. 

The molecular rotational states |N, my), where N is the principal 
quantum number and my is the projection onto the quantization axis, 
are the focus of our current investigation of a dipolar spin system. In 
general, an external d.c. electric field induces a dipole moment in the 
laboratory frame by mixing opposite-parity rotational states. However, 
even in the absence of a d.c. electric field, dipolar interactions can be 
established using a microwave field to create a coherent superposition 
between two rotational states™, labelled |) and ||). In addition, a 
microwave field can probe the coherent spin dynamics due to dipolar 
interactions. 

In the absence of an applied electric field, two-level polar molecules 
trapped ina strong 3D lattice (Fig. 1a) can be described using a spin-1/2 
lattice model with the interaction Hamiltonian'*’”** 


H=ty> Vaa(ri—1)) (SS; +5;-5") (1) 


i>j 
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Figure 1 | Dipolar interactions of polar molecules in a 3D lattice. a, Polar 
molecules are loaded into a deep 3D optical lattice. Microwaves are used to 
address the transition between two rotational states (red and blue represent 
different rotational states). J, characterizes the spin-exchange interaction 
energy. b, Schematic energy diagram (not to scale) for the ground and first 
excited rotational states. The degeneracy of the excited rotational states is 
broken as a result of a weak coupling of the nuclear and rotational degrees of 
freedom. We use |0,0) and |1, —1) as our two spin states. c, The interaction 
energy between any two molecules depends on their relative position in the 
lattice. The numbers shown give the geometrical factor — Vaa(r; — 1) for the 
dipolar interaction of each site relative to the central site (green), under the 
specific quantization axis (B field). Negative values (blue) correspond to 
attractive interactions, and positive values (red) correspond to repulsive 
interactions. 


where S* (along with S?) are the usual spin-1/2 angular momentum 
operators on site i. The dipolar interaction energy includes a geomet- 
tical factor, Vaa(r; — 4) = (1 — 3cos"(j;))/ |r — rl, where the vector 
1;is the position of the ith molecule in units of the lattice constant a and 
Oi is the angle between the quantization axis, defined by the B field, 
and the vector connecting molecules i and j. More generally, polar 
molecules realize the full spin-1/2 model with the capability of con- 
trolling all relevant interaction parameters. In this work, we isolate the 
spin-exchange interaction, which has been difficult to realize in other 
systems, by setting the Ising term, which is proportional to S;S;, to zero 
by working at zero electric field. The Hamiltonian reduces to the lim- 
iting case known as the spin-1/2 quantum XY model, in which the 


spin-exchange interaction is characterized by J, = —di, / 4neya*, 


where é, is the permittivity of free space and d, ; = (| |d|) is the dipole 
matrix element between ||) and |{). Physically, this term is responsible 
for exchanging the spins of two trapped molecules (Fig. 1a). 

In our experiment, we create up to 2 X 10* ground-state KRb mole- 
cules in the lowest motional band of a 3D lattice formed by three 
mutually orthogonal standing waves with wavelengths of 2 = 1,064 nm. 
The lattice constant is a = 1/2 and the lattice depth is 40E, in each 
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direction, where E, = 7k*/2mis the recoil energy, h is Planck’s constant 
divided by 21, k = 2/A and m is the mass of KRb. We use microwaves 
at ~2.2 GHz to couple the |0, 0) and |1, — 1) states, which form the | |) 
and |{) two-level system. The degeneracy of the N = 1 rotational states 
is broken by the interaction between the nuclear quadrupole moments 
and the rotation of the molecules, and in a 54.59 mT magnetic field the 
|1,0) and |1, 1) states are higher in frequency than the |1, — 1) state by 
270 and 70 kHz, respectively’* (Fig. 1b). All rotational states used in 
this work involve the nuclear spin quantum numbers m®> = 1/2 and 
mj = —4, following the notation of ref. 14. The quantization axis is set 
by the magnetic field, which is oriented at 45° with respect to the X and 
¥ lattice directions (Fig. 1c). The polarizations of the lattice beams are 
chosen such that the tensor a.c. polarizabilities of the |0,0) and |1, —1) 
states are very similar’*, so that we create a spin-state-independent 
lattice trap (Methods). We address the entire sample with a microwave 
field and achieve a n-pulse fidelity of >99%. 

The energy scale for our spin-1/2 quantum XY system is characterized 
by J, /2)Vaa(1; — 1). For our rotational states, dj, = 0.98 x 0.57/\/3D 
and |J, /2h| = 52 Hz. Here the additional factor of 0.98 in the trans- 
ition dipole matrix element comes from an estimated 2% admixture of 
another hyperfine state’*. Each molecule in the lattice will experience 
an interaction energy with contributions from all other molecules, 
where each contribution depends on molecular separation and angle 
@O. Figure 1c shows the geometrical factors for nearby sites relative toa 
central molecule (green) for our experimental conditions. 

We employ coherent microwave spectroscopy to initiate and probe 
spin dynamics. Figure 2a shows a basic spin-echo pulse sequence and its 
Bloch sphere representation. Starting with the molecules prepared in 
||), the first (1t/2),-pulse creates a superposition state (||) +|t))/V2. 
Any residual differential a.c. Stark shift, which gives rise to single- 
particle dephasing, can be removed using a spin-echo pulse. After a 
free-evolution time of T/2, we apply a (1), echo pulse, which flips the 
spins and reverses the direction of single-particle precession. The spins 
rephase after another free-evolution time of T/2, at which time we 
probe the coherence by applying a m/2-pulse with a phase offset relative 
to the initial pulse. We measure the number of molecules left in ||) as a 
function of this offset phase, which yields a Ramsey fringe (Fig. 2b). 

With the single-particle dephasing effectively removed, the contrast 
of the Ramsey fringe as a function of T yields information on spin 
interactions in the system**. We note that the spin-echo pulse has no 
impact on the dipolar spin-exchange interactions described by equa- 
tion (1). The most striking feature evident in the measured contrast 
curves (Fig. 2c, d) is the oscillations on top of an overall decay. We 
attribute both the contrast decay and the oscillations to dipolar inter- 
actions. Imperfect lattice filling and many-body interactions each give 
a spread of interaction energies, which results in dephasing and a 
decaying contrast in the Ramsey measurement. Figure Ic illustrates 
the different interaction energies coming from Vg, which can be posi- 
tive or negative. For low lattice fillings, the interaction energy spectrum 
can have a strong contribution from the highest-magnitude nearest- 
neighbour interaction. Oscillations in the contrast can then result from 
the beating of this particular frequency with the contribution from 
molecules that experience negligible interaction shifts. In principle, 
there should be several different oscillation frequencies owing to the 
differing geometrical factors in the lattice. Although a dominant oscil- 
lation frequency is observed, we note that our data does not rule out 
additional frequencies. 

Because interaction effects depend on the density, we investigate 
spin coherence for different lattice filling factors. To reduce the density 
of molecules without changing the distribution, we hold the molecules 
in the lattice for a few seconds while inducing single-particle losses 
with an additional strong optical beam that enhances the rate of off- 
resonance light scattering'*. We fit the measured time dependence of 
the Ramsey contrast to an empirical function, Ae~"”” + Bcos*(nfT), to 
extract a coherence time, t, and an oscillation frequency, f, As shown in 
Fig. 2d, fis essentially unchanged over our accessible range of densities, 
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Figure 2 | Coherent spin dynamics of polar molecules. a, A (1/2),-pulse 
initializes the molecules in a coherent superposition of rotational states. A spin- 
echo pulse sequence is used to correct for effects arising from single-particle 
inhomogeneities across the sample, such as residual light shifts. b, The phase of 
the final 1/2-pulse is scanned (corresponding to rotations around a variable 
axis, /1) to obtain a Ramsey fringe. Two fringes are shown, corresponding to the 
short (green circles) and intermediate timescales (orange triangles). c, The 
contrast of the Ramsey fringe is measured as a function of interrogation time. 


but t depends on the number of molecules, or filling fraction. This is a 
signature of many-body interactions, and the observation agrees with 
theoretical calculations using a cluster expansion (Methods). 

We observe oscillation frequencies in the range 48 + 2 Hz for mole- 
cule numbers in the lattice that vary by threefold. The fact that this 
frequency is consistent with the largest nearest-neighbour interaction 
energy, |J,/2h| =52 Hz, supports the conclusion that the contrast 
oscillations come from nearest-neighbour dipole-dipole interactions. 
Because this frequency is determined by the lattice geometry and the 
dipole matrix element, it does not depend on the lattice filling factor. 
Wealso confirm that the oscillation frequency does not depend on the 
lattice depth from 20E, to 50E, (Methods). For the coherence time, we 
observe a strong dependence on the filling factor (Fig. 2e). Density 
dependence is a classic signature of interaction effects, and we con- 
clude that the coherence time in the deep lattice is limited by dipole- 
dipole interactions. For higher filling factors, the increasing probability 
that molecules have multiple neighbours means that more spin-exchange 
frequencies will contribute to the signal, which leads to faster dephasing. 

Multipulse sequences, as well as single spin-echo pulses, are exam- 
ples of dynamical decoupling, which is widely used in NMR” and 


Because the molecules’ spin states are initially all in phase, at very short times, 
T < 2h/J_, the contrast decay curve should be quadratic’’, as shown in the 
inset. d, The contrast of the Ramsey fringe versus interrogation time is shown 
for two different filling factors, characterized by the initial molecule number. In 
addition to the density-dependent decay, we observe oscillations, which arise 
from spin-exchange interactions between neighbouring molecules. e, The spin 
coherence time decreases for increasing molecule number. The solid line shows 
a fit to C+ A/N, where C and A are constants. Error bars, 1 s.d. 


quantum information processing® to remove dephasing and extend 
coherence times. Although a spin-echo pulse cannot mitigate the con- 
trast decay that arises from dipole-dipole interactions, a multipulse 
sequence can. In particular, the pulse sequence” shown in Fig. 3a is 
designed to remove dephasing due to two-particle dipolar interactions 
(Methods). Analogous to how a spin-echo pulse works, this pulse 
sequence swaps the eigenstates of the dipolar interaction Hamiltonian 
(equation (1)) for two isolated particles to allow for subsequent rephasing. 

Figure 3b summarizes the decay of the Ramsey contrast for three 
different pulse sequences. With a simple two-pulse Ramsey sequence 
(with no spin-echo pulse), the coherence time of the system is very 
short, with the fringe contrast decaying within 1 ms (Fig. 3b, triangles). 
With the addition of a single spin-echo pulse, the single-particle 
dephasing time can be extended to ~80 ms (measured for our lowest 
molecular density). However, this coherence time is reduced drastic- 
ally with increasing molecule number in the lattice, and we observe 
oscillations in the contrast signal (Fig. 3b, circles). When we apply the 
multipulse sequence, the oscillations in the contrast are suppressed 
and the data fit well a simple exponential decay with a coherence time 
slightly longer than that of the spin-echo case (Fig. 3b, squares). The 
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Figure 3 | Multipulse sequence and decoupling of pairwise dipolar 
interactions. a, The multipulse sequence is designed to suppress both single- 
particle dephasing and the effect of pairwise dipole-dipole interactions. b, The 
contrast decay is displayed as a function of time for three different pulse 
sequences. Without a spin-echo pulse, single-particle inhomogeneities result in 
a Ramsey coherence time of ~1 ms (triangles). The spin-echo pulse effectively 
removes the single-particle dephasing, such that spin-exchange interactions 


play the dominant role in the contrast decay (circles). The multipulse sequence 
suppresses the contrast oscillations and slightly improves the coherence time 

(squares). Inset, the difference in contrast between the multipulse sequence and 
the spin-echo case shows oscillations. Error bars, 1 s.d. c, The probability of a 
particular molecule having zero, one or more than one neighbours (within the 
cube shown in Fig. 1c) is plotted as a function of a uniform lattice filling factor. 
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differences in the measured contrast oscillations and decay for the 
usual spin-echo and multipulse sequence highlight the spin-exchange 
dynamics driven by pairwise dipolar interactions (Fig. 3b, inset). 

To understand the dynamics of this spin system, a key ingredient is 
the filling fraction of molecules in the 3D lattice, because the Ramsey 
contrast decay depends sensitively on the molecular density (Fig. 2e). 
Figure 3c shows the probabilities of a particular molecule having zero, 
one or more than one neighbours. The probability of having two or 
more neighbours is non-negligible even for relatively low fillings. The 
contrast oscillation is dominated by contributions from pairs of mole- 
cules, whereas interactions of multiple molecules contribute mainly to 
the contrast decay. 

To provide an independent determination of the filling fraction, we 
have measured tunnelling-induced loss at reduced lattice depths. 
Molecules are initially prepared in | |) ina 40E, lattice. For our fermionic 
molecules, the chemical reaction rate is much larger between molecules 
in distinguishable internal states. Moreover, Pauli blocking strongly 
suppresses the tunnelling of molecules in the same spin state into the 
same lattice site. Therefore, we create a 50:50 incoherent spin mixture of 
||) and |{) by applying a 1/2-pulse and waiting 50 ms. We then quickly 
(within 1 ms) lower the lattice depth along only a single direction (Y, as 
shown in Fig. 4a) to allow tunnelling and loss due to on-site chemical 
reactions”®’. We then measure the remaining number of molecules in 
the ||) state as a function of the holding time. Figure 4b shows example 
loss curves for two different lattice depths along Y. 

In our system, the on-site loss rate, I, is proportional to the chemi- 
cal reaction rate between the |0,0) and |1, —1) molecules’: 


Po=B | |w(x¥.z)\*ax dy dZ (2) 


Here f = 9.0(4) X 107'°cm? ss”! (parenthetical error, s.d.) is the two- 
body loss coefficient (Methods) and W(X, Y, Z) is the ground-band 
Wannier function. We can modify I) by changing the lattice depth; 
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Figure 4 | Quantum Zeno effect for polar molecules in a 3D lattice. a, The 
lattice depths along X and Z are kept at 40E,, whereas the lattice depth along ¥ 
is reduced to allow tunnelling along the Y direction at a rate J,//. Once two 

molecules in different spin states tunnel to the same site, they are lost owing to 
chemical reactions occurring at rate I. b, Number of | |) molecules versus time 
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however, for our measurements, the system always remains in the 
strongly interacting regime, in which I > J,/h, where J, is the tunnel- 
ling amplitude. This is the regime of the continuous quantum Zeno 
effect*”’, where dissipation in the form of measurement or loss can lead 
to suppression of coherent processes such as tunnelling. Thus, increas- 
ing I actually decreases the effective two-body loss rate between 
neighbouring molecules, which is given by 


Degg = 2h. (3) 


The number of | |) molecules, N) (t), can then be described with a two- 


body loss equation 


dN (t) _ 
ao aM! u(t? 


(4) 


where No is the initial number of ||) molecules and the loss rate 
coefficient is given by? k=4qI" eft no. Here 2n, 9 = no is the initial 
filling fraction in the lattice, q = 2 is the number of nearest-neighbour 
sites in our one-dimensional tunnelling geometry and ag is the cor- 
relation iG of different spin states for nearest-neighbouring sites 
iandj: git = = (Aaj — 45;-S)) / (iii) with 7; the number operator at site 
i and S; the spin-1/2 vector operator. In our case, we assume that the 
molecules are initially randomly distributed in the | |) and |1) states, so 
that ge = 1. Because the redistribution of molecules due to losses and 


tunnelling can modify an , we fit the data to the solution of equation (4) 


for short times, where the number has changed by less than 50%. 

We verify the scaling of the continuous quantum Zeno effect by 
measuring the dependence of the loss rate, «, on y and J,. To study the 
dependence on 9, we set the lattice depth along Y to be 5.4(4)E p 
which fixes j,, and then increase the lattice depths along the XandZ 
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is shown for lattice depths along Y of 8.1E, and 15.1E,. c, The number loss rate, 
x, has a 1/Iy dependence (fit shown), which is consistent with the quantum 
Zeno effect. d, The number loss rate, x, has a i dependence (fit shown), as 
predicted from the quantum Zeno effect. Error bars, 1 s.d. 
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directions. This compresses the wave function W(X, Y, Z) at each lat- 
tice site, and thus increases Io. As expected for the quantum Zeno 
regime, the measured x decreases as I increases, and the data are 
consistent with x o 1/I (Fig. 4c). To study the dependence on J, we 
vary the lattice depth along Y, while adjusting the X and Z lattice 
depths to keep I fixed. As shown in Fig. 4d, the measured x exhibits 
a quadratic dependence on J; as predicted by equation (3). For these 
loss rate measurements, all parameters are known except the initial 
filling fraction, no. From measurements of the loss rate at several lattice 
depths, our simple model gives no = 25(5)% for 2X 10* molecules. 
However, a more complete theory that incorporates interaction-modi- 
fied Wannier functions in the lattice will lower this value. We note that 
calculations of the Ramsey fringe contrast decay using a cluster expan- 
sion give an estimated no of ~10% (Methods), which is more consist- 
ent with an estimation of the filling based on direct imaging. 

Although it is desirable to increase the lattice filling to explore 
interesting phases such as quantum magnetism or exotic superfluidity, 
we have seen that the modest filling factors achieved in our experiment 
already enable the observation of dipolar interaction effects in a 3D 
lattice spin model. Furthermore, this work prepares us for the study of 
non-trivial dynamic processes such as many-body localization of spin 
excitations. Adding an external electric field would further increase the 
variety of spin models that can be realized with this system. 


METHODS SUMMARY 


We begin with ~1 X 10° *’Rbatomsand 2.5 X 10° “°K atoms ina far off-resonance 
dipole trap at 1,064 nm. The trap frequencies are 25 Hz radially and 185 Hz axially 
for Rb, where the axial direction is along Z. The Rb gas is a Bose-Einstein con- 
densate with T/T. ~0.5 and the K Fermi gas is at T/T; ~ 0.5, where T, is the 
transition temperature for the condensate and T; is the Fermi temperature. We 
smoothly ramp on a 3D lattice over 100 ms to a final depth of 40£, (16 and 7 recoil 
energies for Rb and K atoms, respectively). The X and Y lattice beams have waists 
of 200 jum and the Z beam has a waist of 250 jum. The lattice depth is calibrated with 
parametric heating of the molecular gas** and has an estimated uncertainty of 5%. 
After turning on the lattice, we lower the intensity of the dipole trap to zero in 
50 ms, and then ramp a magnetic field from 54.89 to 54.59 mT in 1 ms to create 
weakly bound KRb Feshbach molecules. We then use two-photon stimulated 
Raman adiabatic passage to transfer the Feshbach molecules to the rovibrational 
ground state. The unpaired Rb and K atoms are removed using resonant light 
scattering. From band-mapping measurements, we find that the fraction of mole- 
cules in higher bands is consistent with zero within our detection limit of 5%. To 
measure the number of ground-state molecules in the lattice, we reverse the two- 
photon stimulated Raman adiabatic passage to recreate Feshbach molecules, and 
then take an absorption image using light resonant with the K cycling transition. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 


Preparation of molecules in a 3D optical lattice. We begin with ~1 x 10° ®’Rb 
atoms and 2.5 X 10° “°K atoms ina far off-resonance dipole trap at 1,064 nm. The 
trapping frequencies are 25 Hz radially and 185 Hz axially for Rb, where the axial 
direction is along Z. The Rb gas is a Bose-Einstein condensate with T/T. ~ 0.5, and 
the K Fermi gas is at T/Ty ~ 0.5, where T- is the transition temperature for the 
condensate and Ty is the Fermi temperature. We smoothly ramp on a 3D lattice 
over 100 ms to a final depth of 40E, (16 and 7 recoil energies for Rb and K atoms, 
respectively). The X and ¥ lattice beams have waists of 200 um and the Z beam has 
a waist of 250 um. We calibrate the lattice depth through parametric heating of the 
molecular gas”, which results in an estimated uncertainty of 5%. After turning on 
the lattice, we lower the intensity of the dipole trap to zero in 50 ms, and then ramp 
a magnetic field from 54.89 to 54.59 mT in 1 ms to create weakly bound KRb 
Feshbach molecules. We then use two-photon stimulated Raman adiabatic pas- 
sage to transfer the Feshbach molecules to the rovibrational ground state. The 
unpaired Rb and K atoms are removed using resonant light scattering. After 
molecules are created in the lattice, we can perform band-mapping measurements 
by turning off the lattice in 1 ms. We find that the fraction of molecules in higher 
bands is consistent with zero within our detection limit of 5%. To measure the 
number of ground-state molecules in the lattice, we reverse the two-photon sti- 
mulated Raman adiabatic passage to recreate Feshbach molecules, and then take 
an absorption image using light resonant with the K cycling transition. 
Differential light shift in a 3D optical lattice. Molecules have complex internal 
structure; hence, there are a number of different approaches to finding a ‘magic’ 
trap that matches the polarizabilities of two different internal states. Because the 
polarizability of molecules is anisotropic, tuning the angle between the quantiza- 
tion axis and the polarization of the light field can change the polarizabilities”. For 
a 3D lattice, there are three different polarization vectors. The lattice geometry in 
our experiment is shown in Fig. 1c. We choose the X and ¥ lattice beams to have 
their polarizations along the horizontal plane, at angles of +45° relative to the 
magnetic field. The Z lattice polarization is the same as that of the X lattice. 
Following our previous work”, the energy shifts for the |1,0), |1, —1) and |1, 1) 
states are determined by finding the eigenvalues of the Hamiltonian 


«(45° )Iz + diag(é1,2,83) (5) 


where Ix, Iy and Iz are respectively the intensities of lattice beams along the XY 


H (45°) Iy — a( 


45°) Iy 


and Z directions, « is the polarizability matrix defined in ref. 25, and ¢, ¢ and ¢3 
are respectively the bare energies for |0, 0), |1, —1) and |1, 1). 

Supplementary Fig. 1 shows the differential light shift (with respect to |0,0)) of 
|1,0), |1, -1) and |1, 1) as a function of the lattice depth. The state |1, —1) has the 
smallest intensity dependence, which corresponds to minimal inhomogeneity due 
to spatial variations of the light shift. The inset shows an expanded plot for |1, — 1). 
The red points are the experimentally measured transition frequencies for differ- 
ent lattice depths, which agree well with theory. When the lattice depth is ~40E, in 
each direction, the differential light shift is zero. We measure the transition fre- 
quency between |0, 0) and |1, — 1) ina 40F, lattice to be 2.22778338(8) GHz, which 
agrees with the measured frequency, 2.22778335(4) GHz, in the absence of any 
optical potentials. At this lattice depth, the slope for the differential light shift is 
120 Hz/E,. The total variation of the light shift across the sample is less than 
500 Hz, as estimated from the Ramsey decay time in absence of spin echo. 

This residual light shift limits the coherence time of our standard Ramsey 
measurement to ~1 ms (triangle data points in Fig. 3c), and so we use a spin-echo 
pulse to mitigate the effects of single-particle dephasing. However, spatial varia- 
tions of the differential light shift can in principle still influence the spin dynamics. 
Site-dependent shifts of the resonance frequency would appear in the Hamiltonian 
as an inhomogeneous ‘magnetic field’ term, 5;S;, which can suppress spin exchange. 
For the conditions used in our experiments, we estimate that the spatial variations 
of the differential light shift are small enough that spin exchange remains near- 
resonant. On the basis of the measured Ramsey coherence times and the details of 
our system (optical lattice beams and the molecular ensemble), we calculate a 
system-averaged nearest-neighbour bias ((|6; — 6;+1|)/h) of 6 Hz, which is well 
below the expected exchange coupling, |J, /2h| = 52 Hz. For neighbours separated 
by V2a and 2a, the corresponding shifts are 9 and 13 Hz, respectively. To demon- 
strate that the oscillation frequency in the Ramsey fringe contrast does not sensi- 
tively depend on the optical intensity, we made Ramsey contrast measurements 


(Supplementary Fig. 2) for values of the lattice depth between 20E, and 40E, and 
found very good agreement among them. 

Multipulse sequence. It is straightforward to understand how the multipulse 
sequence works for the case of two particles. With two molecules initially prepared 
in || |), an initial (1/2),-pulse transfers them to 


1 1 1 

Fi Jal) +1) ZU FIIM+AND HIN) (6) 
Because of the spin-exchange term, ||) and |{|) are not eigenstates of the 
Hamiltonian in equation (1). However, the three triplet states |||), |{?) and 
(ILt) +ItL))/v2 are eigenstates of the Hamiltonian, with eigenenergies 0, 0 
and J , /2, respectively. We note that a single (7/2),-pulse can swap the states 
|11) + |11) and ||7) + |f), and can thus act as an effective spin echo for these 
contributions to the two-particle wavefunction. 

During the first free-evolution time, of duration T/8, || |) and |{ 1) accumulate 

no phase, whereas (||) +|t{))/2 accumulates a phase e~ 1/7/16. At this 
point the state is entangled. We then apply a (—1/2),-pulse to swap the contribu- 
tions from ||) + |?) and || |) + |? 1). This can alternatively be viewed as swap- 
ping the accrued phases. After another free-evolution time, of T/4, the (/2),-pulse 
swaps the phases again. This state then freely evolves for another time T/8, after 
which both |{?)+ |f{J) and |{|)+ |?) have accumulated the same phase, 
e i/1/NT/8, and the state is, as a result, no longer entangled. In this way, the 
dephasing due to pairwise dipole-dipole interactions is cancelled. The centre 
(m),-pulse and another pair of (—7/2),- and (11/2),-pulses are necessary for remov- 
ing the single-particle inhomogeneity in addition to rephasing the dipole-dipole 
interactions. The effects of dipole-dipole interactions beyond that of isolated pairs 
of molecules are not removed by this particular multipulse sequence. 
Interspecies two-body loss coefficient. To determine the appropriate two-body 
loss coefficient to describe the recombination of molecules in distinguishable 
rotational states, we measured losses for an incoherent mixture of |0,0) and 
|1,-1) molecules in an optical dipole trap, as presented in Supplementary 
Fig. 3. We find a two-body loss coefficient of 9.0(4) x 10 '°cm?s~! for the mix- 
ture of rotational states that support resonant dipolar interactions*'. This exceeds 
the value for molecules in different nuclear (hyperfine) states” (with no resonant 
dipolar coupling) by a factor of ~5. 
Theoretical modelling of the spin dynamics. Theoretical modelling of the spin 
dynamics observed with Ramsey spectroscopy shows similar oscillations and 
coherence times as our measurements, and the comparison can be used to estimate 
a filling factor of 5-10% for 10* molecules. Although exactly treating the many- 
body dynamics is intractable, at sufficiently small filling a ‘cluster expansion’ can 
be quite accurate. Here we separate N molecules into clusters, each containing at 
most 10 molecules, and solve exactly the spin dynamics within these clusters, 
neglecting intercluster interactions””’. 

Results on the oscillation frequency, amplitude and decay time for the Ramsey 
contrast produced by the cluster expansion are all consistent with the experimental 
observations. We find that the cluster expansion depends relatively weakly on the 
assumed spatial distribution of the molecules (which we know only roughly), and 
that the main dependence of the contrast decay comes from the assumed filling, 
such that the filling estimate stated in the main text is reliable in this regard. A 
discussion of the convergence of the cluster expansion is far beyond the scope of 
the present work, but its uncertainties are the main source of the uncertainty in the 
estimated filling fraction. 

The cluster expansion also indicates that the Ramsey contrast decay arises from 
many-body interaction effects other than either nearest-neighbour interactions or 
summing the dynamics of pairs of molecules. Although summing pairwise 
dynamics leads to a contrast decay time, t, that decreases with increasing filling 
fraction, this t is significantly larger than the cluster expansion results and requires 
unreasonably high lattice filling to match experimental results. 
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Carbon nanotube computer 


Max M. Shulaker', Gage Hills”, Nishant Patil’, Hai Wei*, Hong-Yu Chen®, H.-S. Philip Wong® & Subhasish Mitra’ 


The miniaturization of electronic devices has been the principal 
driving force behind the semiconductor industry, and has brought 
about major improvements in computational power and energy 
efficiency. Although advances with silicon-based electronics continue 
to be made, alternative technologies are being explored. Digital cir- 
cuits based on transistors fabricated from carbon nanotubes (CNTs) 
have the potential to outperform silicon by improving the energy- 
delay product, a metric of energy efficiency, by more than an order 
of magnitude. Hence, CNTs are an exciting complement to existing 
semiconductor technologies’”. Owing to substantial fundamental 
imperfections inherent in CNTs, however, only very basic circuit 
blocks have been demonstrated. Here we show how these imperfec- 
tions can be overcome, and demonstrate the first computer built 
entirely using CNT-based transistors. The CNT computer runs an 
operating system that is capable of multitasking: as a demonstra- 
tion, we perform counting and integer-sorting simultaneously. In 
addition, we implement 20 different instructions from the commer- 
cial MIPS instruction set to demonstrate the generality of our CNT 
computer. This experimental demonstration is the most complex 
carbon-based electronic system yet realized. It is a considerable 
advance because CNTs are prominent among a variety of emerging 
technologies that are being considered for the next generation of 
highly energy-efficient electronic systems**. 

CNTs are hollow, cylindrical nanostructures composed of a single 
sheet of carbon atoms, and have exceptional electrical, physical and 
thermal properties’. They can be used to fabricate CNT field-effect 
transistors (CNFETs), which are promising candidate building blocks 
for the next generation of highly energy-efficient electronics'**: CNFET- 
based digital systems are predicted to be able to outperform silicon-based 
complementary metal-oxide-semiconductor (CMOS) technologies by 
more than an order of magnitude in terms of energy-delay product, a 
measure of energy efficiency”*. 

Since the initial discovery of CNTs, there have been several major 
milestones for CNT technologies’: CNEETs, basic circuit elements 
(logic gates), a five-stage ring oscillator fabricated along a single CNT, 
a percolation-transport-based decoder, stand-alone circuit elements such 
as half-adder sum generators and D-latches, and a capacitive sensor 
interface circuit'’'®. Yet there remains a serious gap between these 
circuit demonstrations for this emerging technology and the first com- 
puters built using silicon transistors, such as the Intel 4004 and the 
VAX-11 (1970s). These silicon-based computers were fundamentally 
different from the above-mentioned CNFET-based circuits in several 
key ways: they ran stored programs, they were programmable (mean- 
ing that they could execute a variety of computational tasks through 
proper sequencing of instructions without modifying the underlying 
hardware’’) and they implemented synchronous digital systems incorpo- 
rating combinational logic circuits interfaced with sequential elements 
such as latches and flip-flops’®. 

It is well known that substantial imperfections inherent in CNT 
technology are the main obstacles to the demonstration of robust and 
complex CNFET circuits’’. These include mis-positioned and metallic 
CNTs. Mis-positioned CNTs create stray conducting paths leading 


to incorrect logic functionality, whereas metallic CNTs have little or 
no bandgap, resulting in high leakage currents and incorrect logic 
functionality”. The imperfection-immune design methodology, which 
combines circuit design techniques with CNT processing solutions, 
overcomes these problems”°”’. It enables us to demonstrate, for the 
first time, a complete CNT computer, realized entirely using CNFETs. 
Similar to the first silicon-based computers, our CNT computer, which is 
a synchronous digital system built entirely from CNFETs, runs stored 
programs and is programmable. Our CNT computer runs a basic opera- 
ting system that performs multitasking, meaning that it can execute 
multiple programs concurrently (in an interleaved fashion). We demon- 
strate our CNT computer by concurrently executing a counting program 
and an integer-sorting program (coordinated by a basic multitasking 
operating system), and also by executing 20 different instructions from 
the commercial MIPS instruction set”. 

The CNT computer is a one-instruction-set computer, implement- 
ing the SUBNEG (subtract and branch if negative) instruction, inspired 
by early work in ref. 23. We implement the SUBNEG instruction because 
it is Turing complete and thus can be used to re-encode and perform 
any arbitrary instruction from any instruction-set architecture, albeit 
at the expense of execution time and memory space**”’. The SUBNEG 
instruction is composed of three operands: two data addresses and a 
third partial next instruction address (the CNT computer itself com- 
pletes the next instruction address, allowing for branching to different 
instruction addresses). The SUBNEG instruction subtracts the value 
of the data stored in the first data address from the value of the data 
stored in the second data address, and writes the result at the location 
of the second data address. 

The next instruction address is calculated to be one of two possible 
branch locations, depending on whether the result of the subtraction is 
negative. The partial next instruction address given by the present 
SUBNEG instruction omits the least significant bit. The least signifi- 
cant bit is calculated by the CNT computer, on the basis of whether the 
result of the SUBNEG subtraction was negative. This bit, concatenated 
with the partial next instruction address given in the SUBNEG instruc- 
tion, makes up the entire next instruction address. A diagram showing 
the SUBNEG implementation is shown in Fig. la. 

As our operating system, we implement non-pre-emptive multitask- 
ing, whereby each program performs a self-interrupt and voluntarily 
gives control to another task’*. To perform this context switch, the 
instruction memory is structured in blocks, and each block contains a 
different program. To perform the self-interrupt, the running program 
stores a next instruction address belonging to a different program 
block; thus, the other program begins execution at this time. During 
the context switch, the CNT computer updates a process ID bit in 
memory, which indicates the program running at present. An example 
of the operating system running two different programs concurrently 
is shown in Fig. 1b. 

The circuitry of the CNT computer is entirely composed of CNFETs, 
and the instruction and data memories are implemented off-chip, 
following the von Neumann architecture and the convention of most 
computers today. The off-chip memories perform no operation other 
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than performing a single read or a single write in a clock cycle. The 
address, data (for write), and read and write enable signals are provided 
by the CNT computer; the values, once read, are stored in D-latches in 
the CNT computer, built entirely using CNFETs. A full schematic of 
the CNT computer is shown in Fig. 2a. The CNT computer performs 
four tasks. 

(1) Instruction fetch: this task supplies instruction memory with the 
address to read. On the first clock (Clock1), the SUBNEG instruction is 
read from the instruction memory and saved in a bank of ten D-latches. 
The SUBNEG instruction contains the partial next instruction address 
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(as explained above), and the addresses of the two single-bit data values to 
operate on (represented as [A] and [B], both of which comprise three bits). 

(2) Data fetch: this task supplies the data memory with the addresses 
given by the SUBNEG instruction to read. On Clock1, the first data 
address ([A]) is read and the value is saved in a D-latch. On the second 
clock (Clock2), the second data address ([B]) is read and the value is 
saved in another D-latch. 

(3) Arithmetic operation: this task performs the computation (sub- 
traction and comparison with zero) on the two data values supplied by 
the data-fetch unit. 


a Instruction fetch Data fetch Arithmetic = Write- Figure 2 | Schematic of CNT computer. 
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memory write. b, Timing diagram of the CNT 
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(4) Write-back: this task writes back the result of the SUBNEG 
(B — A) in the data memory at the address of the second data address. 
On the third clock (Clock3), the result from the arithmetic-operation 
unit is saved in two D-latches. Simultaneously, Clock3 enables the 
write-back to the data memory. D-latches from the instruction-fetch 
unit supply the data address, and the D-latch from the write-back stage 
supplies the value to be written. 

A timing diagram depicting the above description and using three 
non-overlapping clocks is shown in Fig. 2b. 

The CNFET computer is composed of 178 CNFETs, with each CNFET 
comprising ~ 10-200 CNTs, depending on relative sizing of the widths 
of the CNFETs. Figure 3 shows transistor-level schematics of the sub- 
components, D-latches and the arithmetic unit. We use logic circuits 
that use only p-type transistors, because our CNFETs are p-type with- 
out modifications. Consequently, relative sizing of the widths of pull- 
up and pull-down CNFETs is crucial; the ratio of all pull-up CNFET 
widths to pull-down CNFET widths in our design is either 20:1 or 10:1 
(Methods). There is a maximum of seven stages of cascaded logic in the 
computer, demonstrating our ability to cascade combinational logic 
stages, which is a necessity in realizing large digital systems. 

The CNT-specific fabrication process is based on the process described 
in refs 21,23, 27, and is described in detail in Methods. Importantly, the 
fabrication process is completely silicon-CMOS compatible owing to 
its low thermal budget (125 °C). We use standard cells for our sub- 
systems, designed following the imperfection-immune methodology, 
which renders our circuits immune to both mis-positioned and metallic 
CNTs. Because this method ensures that the immunity to CNT imper- 
fections is encapsulated entirely within standard cells, the fabrication is 


completely insensitive to the exact positioning of CNTs on the wafer 
and there is no per-unit customization, rendering our processing and 
design VLSI (very large-scale integration) compatible. The entire CNT 
computer is fabricated completely within a die on a single wafer. Each 
die contains five CNT computers, and each wafer contains 197 dies. 
There is no customization of any sort after circuit fabrication: all of the 
CNFETs and interconnects are predetermined during design, and there is 
no post-fabrication selection, configuration or fine-tuning of functional 
CNFETs. Just like any von Neumann computer, off-chip interconnects 
are used for connections to external memories. Our CNT-specific fabri- 
cation process and imperfection-immune design enables high yield 
and robust devices; waveforms of 240 subsystems (40 arithmetic logic 
units and 200 D-latches) from across a wafer are shown in Fig. 3. The 
yield of the subsystems, such as D-latches, typically ranges from 80% to 
90%. The primary causes of yield loss—particles resulting in broken 
lithography patterns, adhesion issues with metal lift-off and variations 
in machine etch rates—are consequences of the limitations of perform- 
ing all fabrication steps in-house in an academic fabrication facility. 
A SEM image of a fabricated CNT computer is shown in Fig. 4a. To 
demonstrate the working CNT computer, we perform multitasking with 
our basic operating system, concurrently running a counter program 
and an integer-sorting program (performing the bubble-sort algorithm). 
Although CNFET circuits promise improved speed***, our computer 
runs at 1 kHz. This is not due to the limitations of the CNT technology 
or our design methodology, but instead is caused by capacitive loading 
introduced by the measurement setup, the 1-4m minimum lithogra- 
phic feature size possible in our academic fabrication facility, and CNT 
density and contact resistance (Methods). The measured and expected 
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Figure 3 | Characterization of CNFET subcomponents. a, Top: Final 4-inch 
wafer after all fabrication. Middle: scanning electron microscope (SEM) image 
of a CNFET, showing source, drain and CNTs extending into the channel 
region. Bottom, Measured characterization (current-voltage) curves of a 
typical CNFET. The yellow highlighted region of the Iy—-Vps curve shows the 
biasing region that the CNFET operates in for the CNT computer. b, Top: 
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transistor-level schematic of arithmetic unit. Numbers are width of transistors 
(in micrometres). Middle: SEM of an arithmetic unit. Bottom: measured 
outputs from 40 different arithmetic units, all overlaid. c, Top: transistor-level 
schematic of D-latches. Numbers are width of transistors (in micrometres). 
Middle: SEM of a bank of 4 D-latches. Bottom: measured outputs from 200 
different D-latches, all overlaid. 


©2013 Macmillan Publishers Limited. All rights reserved 


a ® Instruction fetch @ Data fetch 


© Arithmetic operation 


LETTER 


© Write-back 


b ®Expected @® Measured 
ome Data fetch addresses sais Arithmetic result and next instruction address calculation 
of CLK1 
Addr A[0] 
Addr A[1] - 
Addr A[2] wi ee “2 it atl 
‘ ; An WA 
Addr B[O] : omy nate aN 
ar ty 6 2] 

Adar Bt] ~-ft th —f 4 = 3 an 
Addr BI2] ~ il -| u u —-|-— 14) = pe 

MSB dictates present program Soman 10090 om 311 = 300 = 30 cua 310 2 a1 
c 

; e AND °*BLEZ eJ *OR SLL ¢SRL-~ ¢XOR 
MIPS instructions ° ANDI *BLTZ ¢LB * ORI ¢SLLV ¢SRLV_ ¢ XORI 
°*BGEZ ° BNE eNOOP ¢SB  e¢SRA_ e SUBU 


Figure 4| CNT computer results. a, SEM of an entire CNT computer. 

b, Measured and expected output waveforms for a CNT computer, running the 
program shown in Fig. 1b. The exact match in logic value of the measured 
and expected output shows correct operation. As shown by the MSB (denoted 
[4]) of the next instruction address, the computer is switching between 


outputs from the CNT computer (Fig. 4b) show correct operation. To 
demonstrate the flexibility and ability of the SUBNEG computer to 
implement any arbitrary instruction, we additionally perform 20 MIPS 
instructions (Fig. 4c) on the CNT computer. Although the CNT com- 
puter operates on single-bit data values, this is not a fundamental limi- 
tation, because any multibit computation can be performed with a 
single-bit computer through serial computation”’. Additionally, having 
shown the ability to cascade logic, fabricating a larger multibit CNT 
computer is not a fundamental obstacle, but rather affects only yield; as 
a demonstration, we show a two-bit arithmetic logic unit (composed of 
96 CNFETs with a maximum of 15 stages of cascaded logic) in Extended 
Data Fig. 2 (see also Methods). 

We have reported a CNT computer fabricated entirely from CNFETs, 
and have demonstrated its ability to run programs, to run a basic opera- 
ting system that performs multitasking, and to execute MIPS instructions. 
To achieve this we used the imperfection-immune design methodo- 
logy and developed robust and repeatable CNT-specific design and 
processing. This demonstration confirms that CNFET-based circuits 
are a feasible and plausible emerging technology. 


METHODS SUMMARY 


The fabrication process is depicted in Extended Data Fig. 1. The CNTs are grown 
on a quartz substrate to yield highly aligned CNTs", and are transferred onto the 
target SiO, wafer’. Before CNT transfer, the wafer undergoes processing to define 
bottom-layer wires and the local back gates of the transistors**. Lithographically 
defined trenches are etched using a combination of dry plasma etch followed by 
wet etch, and are filled by electron-beam evaporation of platinum and smoothed 
by a subsequent plasma sputter etch. A 24-nm high-k dielectric of Al,O3 is deposited 
by atomic-layer deposition, and contact holes are etched through this layer to the 
embedded metal wires and gates through another combined dry- and wet-etch 
process. After CNT transfer, the source and drain (bilayers of palladium and pla- 
tinum) are lithographically defined through a lift-off process, and mis-positioned 
CNTs are etched away using optical lithography followed by oxygen plasma’’. A 
metal layer of gold is lithographically patterned with lift-off and connects every 
other source and drain, and separately connects every gate, effectively forming a 
single CNFET composed of all of the single CNFETs in parallel. Electrical break- 
down is performed once on this entire structure to remove >99.99% of metallic 


performing counting and sorting (bubble-sort algorithm). The running 
results of the counting and sorting are shown in the rows beneath the MSB of 
the next instruction address. c, A list of the 20 MIPS instructions tested on 
the CNT computer. 


CNTs””®. This gold layer is then selectively etched away, and the top metal layer 
connecting the circuit in the proper configuration is lithographically patterned 
and deposited with lift-off. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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METHODS 


The fabrication process is depicted in Extended Data Fig. 1. 

CNT growth and transfer. The CNTs are grown by chemical-vapour deposition 
with methane at 865 °C. The growth substrate is an annealed quartz substrate, with 
parallel catalyst stripes of iron lithographically patterned on the wafer. Quartz is 
used to achieve 99.5% alignment of the CNTs, which align along the crystalline 
boundary owing to a minimized Lennard-Jones potential in this orientation’. 
After growth, the quartz wafer with CNTs is coated with 150nm gold, and a 
thermal release tape is applied on top of the gold. When this tape is peeled from 
the wafer, it peels off the gold with embedded CNTs from the quartz wafer. The 
tape is then applied onto the target wafer and heated to 125 °C, at which point the 
thermal release tape loses adhesion and is removed from the wafer, leaving the gold 
with embedded CNTs on the target wafer. The surface of the wafer undergoes 
oxygen and argon plasma etching to remove any residue from the tape, followed by 
a selective wet etch to remove the gold, leaving exposed, highly aligned CNTs on 
the wafer’. 

Local back gate. Before transfer, the target wafer is first prepared, starting with a 
silicon wafer with 110 nm thermal oxide growth. To form the local back gate** and 
bottom layer of wires, a two-layer resist stack is lithographically patterned on the 
surface. Following development of the pattern, the wafer goes through a quick 
oxygen plasma de-scum, followed by an anisotropic O2/SF¢ plasma etch. After the 
plasma etch, a quick HF dip is used to smooth the surface and remove any side- 
wall deposition from the plasma etching. Next, an adhesion layer of Ti followed by 
Pt is evaporated, filling the trenches etched in the previous step. The bilayer of 
resist is dissolved away, lifting off the extra metal and leaving the metal in the 
trenches. An argon sputter etch follows, and, owing to the difference in etch rate 
between the Pt and SiO,, the surface of the wafer is smoothed until the offset 
between the local back gate height and the wafer is less than a nanometre. 
Initial transistor fabrication. We use ~24 nm Al,O, as our high-k back-gate die- 
lectric. This is deposited through atomic-layer deposition on the wafer described 
above, covering the local back gates and bottom-level wires. Before CNT transfer, 
the deposited surface undergoes an oxygen plasma etch to clean the surface of any 
contaminants and a forming gas anneal, followed by the CNT transfer process 
described above. Immediately following transfer is source-drain definition of the 
individual transistors. A bilayer of resist is patterned and developed, and a bilayer 
of 20nm Pd and 20nm Pt is deposited for both the source and drains. This is 
followed by a traditional lift-off process. In addition to the source and drain, a 
second layer of metal wiring is patterned and deposited. This second layer of metal 
wiring is permanent through the rest of the process. After the metal deposition, 
mis-positioned and unneeded CNTs are removed by covering the active area of the 
transistors with photoresist and etching away the unprotected CNTs with oxygen 
plasma. The layout of the active area of the transistors follows the mis-positioned 
CNT immune design***', and guarantees that no mis-positioned CNTs can cause 
incorrect logic function. This renders the circuit immune to mis-positioned CNTs. 
Contacts to the bottom-layer wires and local back gates are lithographically 
defined and etched with an Ar/CL,/BCL; plasma etch, followed by HF dip, with 
the embedded metal acting as a natural etch stop. 

Metallic CNT removal. To ensure high [o,/Io¢ ratios and correct logic function- 
ality, it is necessary to remove >99.99% of the metallic CNTs from the circuit, 
while leaving the semiconducting CNTs predominantly intact. This is achieved 
through electrical breakdown, which biases the gate of the transistor to turn the 
semiconducting CNTs off, and pulses a large current through the metallic CNTs, 
causing joule self-heating until the metallic CNTs oxidize and are removed, thus 
no longer conducting current”’. Rather than performing breakdown on the indi- 
vidual transistors, we employ VLSI-compatible metallic CNT removal*® (VMR). 
VMR allows electrical breakdown to be performed on the chip scale. To do so, we 
lithographically define and pattern a gold layer through the lift-off processes described 
above. The gold is patterned to short every gate, source and drain together. This 
effectively forms a single large CNFET, composed of all of the single CNFETs 
connected in parallel. The shorted structures make use of the power rails and clock 
distribution networks to minimize area overhead. We then perform electrical 
breakdown on the entire structure once, enabling quick and efficient breakdown 
of hundreds of transistors and thousands of CNTs simultaneously (though this is 
not a fundamental limitation of the size of a VMR structure). After electrical 
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breakdown, the gold layer is removed. The third and final metal layer of Pt with 
an adhesion layer of Ti is deposited and lifted off, forming the final circuit layout 
configuration. 

Test set-up. As shown in Fig. 4a, the CNT computer has four rows of probe pads, 
each containing 39 pads. A custom probe card is used to probe all of the pads 
simultaneously, although many of the pads are unused (and are simply present to 
ensure that the probe tips from the probe card always land on metal). Through the 
probe card, the pads are either connected to a supply voltage (Vpp, GND, Vegas) or 
to the inputs or outputs of the computer (the address outputs and input values to 
and from the off-chip memories). All other connections are made on-chip, as 
shown in Extended Data Fig. 3. A National Instrument DAQ (data acquisition 
hardware, #9264) is used to interface with the probe card and read and write the 
inputs and, respectively, outputs to the CNT computer, and Agilent oscilloscopes 
(#2014A) are additionally used to record the analogue traces of the outputs of the 
CNT computer (Fig. 4b). 

Biasing. The biasing scheme for the circuits is shown in Fig. 3, with Vpp = 3 V and 
Veias = —5 V. There is no individual tuning of biasing voltages for individual 
transistors. Scaled supply voltages can be achieved by scaling the transistor channel 
lengths from 1 jum at present (due to the limitations of academic fabrication capa- 
bilities) to smaller channel lengths’. 

Speed. The probe pads and probe card with connecting wires used to connect to 
the CNT computer add additional capacitive loading to the circuit, limiting the 
frequency of operation to 1 kHz. However, this is not a fundamental limitation, 
because commercial chips are packaged and connected to memory and external 
devices without the use of probe cards, greatly reducing parasitic capacitances. The 
speed is also limited by the fact that the CNFET gate length is ~1 jm, set by the 
minimum lithographic feature that can be patterned in our academic clean-room; 
in field-effect transistors, on-current increases as the gate length decreases’. Litho- 
graphic overlay accuracy of ~200 nm further increases parasitic capacitances resul- 
ting in reduced speed. Moreover, the CNT density in this work is ~5 CNTs per 
micrometre, whereas the target CNT density for increased current drive is 100-200 
CNTs per micrometre’®. Several published approaches show promising methods of 
achieving this target CNT density*’. CNT contact resistance must also be improved 
for high-performance circuits, and is another source of variation between devices. 
PMOS-only logic. Logic circuits which use only p-type transistors are known as 
PMOS-only logic. The design of PMOS-only logic, which is well documented in 
the literature, is shown in Extended Data Fig. 4. Extended Data Fig. 4a depicts a 
PMOS-only inverter, whereas Extended Data Fig. 4b depicts a PMOS-only NAND 
gate. As is apparent from comparison of the two circuits, the pull-down network is 
always a single p-type transistor, whose gate is biased to remain on continuously. 
The pull-up network follows the design of typical CMOS circuits. The p-type tran- 
sistors in the pull-up network create a conducting path from the output to Vpp 
when the output should be logic 1. When the output should be logic 0, the pull-up 
network is designed to no longer have a conducting path to Vpp, and, thus, the 
single p-type transistor in the pull-down network pulls the output to logic 0. The 
relative sizing of the pull-up network and pull-down network is critical, because 
the pull-down network is always biased on. Thus, when the pull-up network 
should pull the output to logic 1, the pull-down network will still be attempting 
to pull the output to logic 0. Thus, in our design, the transistors in the pull-up 
networks are always sized with a width of 10-20 times the pull-down transistor 
width. Exact transistor sizing is shown in Fig. 3. 

Multibit arithmetic unit. Additionally, having shown the ability to cascade logic, 
fabricating a larger multibit CNT computer is not a fundamental obstacle, but 
rather only affects yield; as a demonstration, we show a two-bit arithmetic unit 
(composed of 96 CNFETss with a maximum of 15 stages of cascaded logic). The 
two-bit arithmetic unit is shown in Extended Data Fig. 2. The output waveform 
tests for all possible inputs, and shows correct operation. Additionally, we show 
that the circuits regenerate the signal between stages, a necessity for cascading 
digital logic, by highlighting the noise in the ‘borrow out’ output. Even with noise 
somewhere within the arithmetic unit (which can have multiple causes: a stage 
with low swing, electrical noise on the inputs, mobile charges in an oxide and so 
on), owing to the gain of each stage the final output levels (logic 0 and logic 1) 
always stay either below or above the threshold for logic 0 or logic 1, respectively 
(as shown by the horizontal black dotted line). 
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Extended Data Figure 1 | Fabrication flow for the CNT computer. Steps 1-4 —_ from the quartz wafer (where highly aligned CNTs are grown) to the final SiO, 
prepare the final substrate for circuit fabrication. Steps 5-8 transfer the CNTs substrate. Steps 9-11 continue final device fabrication on the final substrate. 


Circuit Fabrication 
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Extended Data Figure 2 | Multibit arithmetic unit. a, Schematic of atwo-bit _ possible input combinations of the two-bit arithmetic unit, showing correct 
arithmetic unit, comprising six individual arithmetic logic units (ALU) as operation. 
shown in Fig. 3b. b, Measured and expected output waveforms testing all 
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Extended Data Figure 3 | Internal versus external connections of CNT external memory are connected off-chip. b, SEM of the CNT computer, 
computer. a, Schematic of the CNT computer, showing that all connections — showing which connections are made to and from the CNT computer from the 
are fabricated on-chip and that only signals reading or writing to or from an _ probe pads. The SEM is colour-coded to match the coloured wires in a. 
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Extended Data Figure 4 | PMOS-only logic schematics. a, Schematic of PMOS-only inverter. b, Schematic of PMOS-only NAND gate. 
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Alkane desaturation by concerted double hydrogen 


atom transfer to benzyne 


Dawen Niu!, Patrick H. Willoughby’, Brian P. Woods', Beeraiah Baire! & Thomas R. Hoye! 


The removal of two vicinal hydrogen atoms from an alkane to produce 
an alkene is a challenge for synthetic chemists’*. In nature, desa- 
turases and acetylenases are adept at achieving this essential oxida- 
tive functionalization reaction, for example during the biosynthesis 
of unsaturated fatty acids’, eicosanoids, gibberellins* and carotenoids’. 
Alkane-to-alkene conversion almost always involves one or more 
chemical intermediates in a multistep reaction pathway; these may 
be either isolable species (such as alcohols or alkyl halides) or reactive 
intermediates (such as carbocations, alkyl radicals, or o-alkyl-metal 
species). Here we report a desaturation reaction of simple, unacti- 
vated alkanes that is mechanistically unique. We show that benzynes 
are capable of the concerted removal of two vicinal hydrogen atoms 
from a hydrocarbon. The discovery of this exothermic, net redox 
process was enabled by the simple thermal generation of reactive 
benzyne intermediates through the hexadehydro-Diels-Alder cyclo- 
isomerization reaction of triyne substrates®. We are not aware of any 
single-step, bimolecular reaction in which two hydrogen atoms are 
simultaneously transferred from a saturated alkane. Computational 
studies indicate a preferred geometry with eclipsed vicinal C-H bonds 
in the alkane donor. 

Arynes’’ engage in myriad trapping reactions that functionalize adja- 
cent sp-hybridized carbons in the o-aryne ring. We recently reported 
a general strategy for the formation and subsequent in situ trapping 
of benzynes by means of the hexadehydro-Diels-Alder (HDDA) 
reaction®'®"’. The simplest imaginable variant (Fig. 1b) is the reaction 
of 1,3-butadiyne (2) with ethyne (1, the diynophile) to produce o-benzyne 
(3). The free energy change for this process is computed to be exo- 
thermic by approximately 50 kcal mol! (refs 6,12). Trapping of 3 
permits the synthesis of many useful benzene derivatives (4). In prac- 
tice (Fig. 1c), the HDDA cycloisomerization is effected intramolecu- 
larly simply by heating a tethered triyne substrate such as 5 to produce 
a fused bicyclic benzyne intermediate such as 6. Trapping leads to a 
highly substituted benzenoid product such as 7. In addition to the 
preparative value of this de novo generation of benzynes, the HDDA 
reaction provides the opportunity to uncover previously unpreced- 
ented aryne trapping modes’*"* (for example, the insertion of the 
strained benzyne into the silyl ether bond as 6 proceeds to 7). This 
is largely because HDDA cyclizations produce reactive benzyne inter- 
mediates in the absence of added reagents, by-products or catalysts. 

Bimolecular desaturation of an alkane by concerted transfer of two 
vicinal hydrogen atoms to a double hydrogen atom (2H) acceptor is 
unprecedented (Fig. 1a). We now report a 2H transfer reaction in which 
a HDDA- generated benzyne simultaneously accepts two vicinal hydro- 
gen atoms froma suitable alkane 2H donor (H-C,p3 C,p3—H). This gives 
the corresponding (oxidized) alkene and (reduced) benzenoid products. 
For example, when we heated triyne 8 in cyclooctane to 85 °C, the only 
isolated product (89%) was the reduced fluorenone derivative 10-h, 
(Fig. 2a, b). Using 'H NMR spectroscopy, we observed that a compar- 
able amount of cyclooctene had been formed by desaturation’® (see 
Fig. 3b). The only well-characterized example of benzyne reduction by 
means of the net addition of two hydrogen atoms is a previous study’® 
in which a benzyne intermediate derived from a bis-diyne-bridged, 
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Figure 1 | Introduction and background. a, Species A (red sphere) isa potential 
double hydrogen atom (2H) acceptor, in which the accepting moiety could be either 
monoatomic (for example metal, metal-oxo, carbene or nitrene) or polyatomic (for 
example a m-bonded species) in nature. b, The prototypical HDDA cascade. Nu-El, 
nucleophile-electrophile. c, Intramolecular HDDA cycloisomerization followed by 
silyl ether trapping®. TBS, tert-butyldimethylsilyl. Here we show that a benzyne 
(such as 3 or 6) functions as species A by extracting two hydrogen atoms from 
adjacent carbon atoms of suitable 2H donor substrates. 


dinuclear metal complex was reduced to the arene. They demonstrated 
that the solvent (tetrahydrofuran; THF) was the source of the hydrogen 
(and, in the case of THF-dg, deuterium’’) atoms that appeared in the 
reduced benzenoid product. When we heated substrate 8 in THF-hg, 
10-h, was the only product isolated (75%, Fig. 2a, b). Similarly, when 8 
was heated in THF-dg, the dideuterated analogue 10-d, (mass spec- 
trometry and 'H NMR) was the only product isolated. 

To probe the mechanism of this process further and, in particular, 
to distinguish between pathways involving sequential hydrogen atom 
abstractions from two solvent molecules versus a transfer of two hydro- 
gen atoms froma single molecule, we repeated the generation and trap- 
ping of benzyne 9, this time in the presence of an equimolar mixture of 
THF-hg and THF-dg. Intriguingly, only the diprotiobenzenoid and 
dideuteriobenzenoid products 10-hz and 10-d2 were produced; none 
of the mono-H/mono-D analogue (10-hd) was detected. The observed 
10-h:10-d, product ratio was 6:1, indicating a significant H/D kinetic 
isotope effect for the 2H transfer. In a complementary experiment, we 
used a 1:6 molar ratio of THF-hg:THF-dg, which gave a nearly 1:1 ratio 
of products 10-hz:10-dy. The lack of an observable level of monodeuterated 
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Figure 2 | Both hydrogen atoms come from the same donor molecule. 

a, Dihydrogen transfer reactions between the HDDA-generated benzyne 

9 (from the triyne 8) and the 2H donor solvents cyclooctane and THF give the 
benzenoid 10-hp. b, Isotope profiling using THF-hg, THF-dg and mixtures 
thereof shows that both hydrogen atoms in the product originate from a single 
molecule of 2H donor. Asterisk, mono-deuterated product (10-hd) was not 


product in any of these experiments is consistent with the concerted 
transfer to the benzyne of two hydrogen atoms from a single THF 
molecule as represented in the depiction of the transition structure 
11 (Fig. 2c). Although such a description might seem unusual, it can 
be noted that the generally accepted mechanism for the reduction of 
alkenes by diimide (HN=NH)'*” and for dyotropic reactions in which 
two hydrogen atoms are shuffled intramolecularly**” (Fig. 2c) involves 
a similar simultaneous transfer. 

We next screened a series of cyclic hydrocarbons to explore their 
relative ability to engage an aryne in a similar hydrogen transfer reac- 
tion (Fig. 3). We were surprised to observe that cyclohexane was sig- 
nificantly less efficient than the other cycloalkanes in its reduction of 
the benzyne 13 (Fig. 3a, entries 1-5). This was initially seen from simple 
comparison of the chemical yields after the purification of reduced 
(benzenoid) product 14. It is relevant that when the HDDA cyclization 
is performed in the absence of a suitably good trapping agent, we rou- 
tinely observe the formation of intractable, dark-coloured mixtures of 
oligomeric substances. We speculate that this is because the reactive 
benzyne (for example 13) engages the conjugated diyne unit in another 
molecule of substrate triyne (for example 12) competitively with its 
abstraction of two hydrogen atoms from a solvent molecule. Thus, for 
these processes the yield of 14 is a meaningful reflection of the 2H 
transfer rate from each donor solvent. Use of the acyclic hydrocarbon 
n-heptane as solvent also resulted in the production of 14, now in 30% 
(isolated) yield—that is, heptane is intermediate in reactivity between 
cyclopentane and cyclohexane. When the starting concentration of 
triyne 12 was decreased tenfold (that is, from 10mM to 1 mM), the 
isolated yield of 14 more than doubled for the reaction in cyclohexane 
(from 20% to 53%) or n-heptane (from 30% to 73%). This is consistent 
with the hypothesis that the rate of the primary decomposition process 
is dependent on the triyne concentration. 

We then turned to the use of no-deuterium proton NMR (No-D 
NMR) spectroscopy” to both positively identify the alkene by-product 
and demonstrate that it was formed in nearly equimolar amounts to 
the reduced benzenoid product 14. A typical No-D spectrum, obtained 
with a sample prepared by heating 12 in an equivolume mixture of 
cyclooctane and cyclopentane ([12] = 0.01 M), is shown in Fig. 3b. 
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observed (‘'H NMR analysis; estimated limit of detection was 6%). 

c, Representation (11) of simultaneous double hydrogen transfer between an 
aryne and a THF molecule. Analogous six-atom arrays are involved in the 
transition structures of 2H transfer by diimide to an alkene acceptor'*”” and in 


the class of intramolecular reorganizations known as dyotropic reactions”. 


The ratio of the alkene resonances of cyclooctene to cyclopentene 
(adjusted for the molar ratio of solvents) provides the relative rate ratio 
(kye1) between the two hydrocarbon donors (2.6 for this example). The 
relative intensity of alkene to arene resonances (from 14) as well as the 
absence of resonances indicative of aromatic by-products shows the 
overall cleanliness of the reaction. 

As stated earlier, cyclohexane (Fig. 3a, entry 5 in the inset table) is 
a considerably poorer 2H donor than the other cyclic hydrocarbons 
(entries 1-4). We speculated that this implies a preference for an eclipsed 
geometry for the relevant HC,,3C,,>H subunit within the 2H donor 
molecule. Accordingly, cyclohexane, dominated by the chair confor- 
mation, is least disposed towards transfer of two of its hydrogen atoms, 
whereas the other hydrocarbons all have low-lying conformers with 
HC,,3C,,3H dihedral angles much smaller than 60°. That is, those 
cyclic hydrocarbons populated to a significant extent by conformers 
having less highly staggered vicinal C-H bonds are the more reactive 
2H donors. To test this thinking further, we examined 1,4-dioxane asa 
potential 2H donor. Not surprisingly, use of this chair-like compound 
gave none of the reduced product 14 (Fig. 3a, entry 7). In contrast, 
norbornane, having a boat-like cyclohexane embedded in its frame- 
work (and an associated HC,p3 C,H moiety with a 0° dihedral angle) 
is a kinetically competent donor (entry 4), even though the product 
norbornene comprises a strained alkene. 

Next, using density functional theory (DFT) methods (see Supplemen- 
tary Information) we computed the transition structure geometry and 
the free energy of activation (AG*) for the double hydrogen atom 
transfer’' between o-benzyne (3) and each of the seven cyclic donors 
shown in entries 1-7 (Fig. 3a). For all 2H donors the calculations indi- 
cate a relatively early transition structure (for example, compare the two 
distances shown in 15a). This is consistent with the highly exothermic 
nature of the 2H transfer step (for example, we computed the free energy 
of reaction to be —65.6 kcal mol ' for o-benzyne (3) + cyclopentane 
going to benzene + cyclopentene). The computed geometries for the 
cyclopentane and cyclohexane transition structures (15a and 15b, respect- 
ively) are shown in Fig. 3c. It is not accidental that the energy difference 
between the chair and boat conformers of cyclohexane (approximately 


6 kcal mol” ') is similar to the computed difference in AG' between 15a 
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Figure 3 | Dihydrogen transfer between arynes and cyclic hydrocarbons. 

a, Relative efficiency (percentage yield and k,., compared with cyclopentane) of 
various hydrocarbon (and cyclic ether) 2H donors for the reduction of aryne 
13 to arene 14. For notes a-f in the inset table see Supplementary Information. 
b, A representative No-D 'H NMR” spectrum (this example is of the reaction 
solution arising from heating 12 (at 10 mM) in a 1.5:1 molar ratio of 
cyclopentane:cyclooctane at 95 °C), showing the overall efficiency of the 
reaction and validating the k,.) value (1:2.6) obtained as described in the text. 


and (the boat-like) 15b. The AG? values computed for all seven donors 
are given in the inset table in Fig. 3a. There is a remarkably good 
correlation between the computed AG values and the observed keel 
values. These observations are most consistent with the idea of sub- 
stantial dependence on dihedral angle for the process, which can only 
be true if the double hydrogen atom transfer event is concerted. 
Products 16a-g (Fig. 3d) arose from incubating the corresponding 
triyne precursor (inferred from the dashed line in each structure; see 
Supplementary Information for details) in cyclooctane under the indi- 
cated conditions. Notable features include the following: a variety of 
functional groups, present in both the triyne precursor and benze- 
noid product, are readily tolerant of these benign reducing conditions; 
benzynes representing a breadth of electronic activation and/or pertur- 
bation engage in the reaction; most of the products 16 have a 1,2,3,4- 
tetrasubstituted motif, a substitution pattern that can be challenging to 
access by classical aromatic synthesis strategies; the double hydrogen 
atom transfer process occurs readily even at ambient temperature 
(compare 16a); and the reaction is not limited by scale (compare 16g). 
Finally, an ancillary but important practical consideration has emerged. 
The most common method for generating simple benzyne derivatives, 


Italicized H3 and H4 denote the resonances for the newly introduced pair of 
hydrogen atoms in product 14. c, Computed transition structure geometries 
and AG* for the transfer of two hydrogen atoms to benzyne (3) from 
cyclopentane (15a) and cyclohexane (15b). d, Reduced benzenoid products 
16a-g generated by heating the triyne precursor in cyclooctane under the 
indicated conditions (starting substrate concentration 10 mM). RT, room 
temperature; Ts, para-toluenesulphonyl; TMS, trimethylsilyl; TIPS, 
triisopropylsilyl; "Pr, n-propyl; "Hex, n-hexyl. 

including the parent 3, is that” in which 2-trimethylsilylphenyl triflate 
(o-TMSPhOTP) is exposed to a fluoride ion source (commonly CsF) 
in, most often, THF as the solvent. We speculated that some known 
trapping reactions of benzynes generated in THF are compromised in 
their efficiency as a result of competitive reduction by that solvent. 
Indeed, when we exposed o-TMSPhOTf to CsF in THF-ds in the absence 
of any other trapping agent, we observed the production of benzene 
(Cs5H4D,, by ‘H NMR analysis). Similarly, benzene (and cyclopentene) 
was seen when CsF and o-TMSPhOTE were reacted in CD3CN that 
contained cyclopentane (approximately 25 equivalents). We suggest 
that all traditional benzyne generation methods performed in the pres- 
ence of a potential 2H donor (most typically, THF) are at risk to the 
unwanted, benzyne-depleting, 2H transfer process, especially when the 
benzyne trapping event is inherently slow. Indeed, we infer that this has 
already been encountered. Recent reports show THF to be an inferior 
medium (compared with 1,4-dioxane™* or diethyl ether) for some 
benzyne trapping reactions. This is consistent with both the results 
reported above for the relative efficiencies of THF and 1,4-dioxane as 
a 2H donor (Fig. 3a, entries 6 and 7 in the inset table), and also our 
arguments for angle dependence during the 2H transfer. 
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We have described the essential mechanistic features of a double 
hydrogen atom transfer process. Both (vicinal) hydrogen atoms come 
from the same donor molecule. There is substantial dependence on 
dihedral angle: donors with a greater degree of eclipsing among their 
low-energy conformers are more reactive. This is reinforced by the 
nearly planar geometry of the six reacting atoms in the computed tran- 
sition structures. Our observations support a pathway in which both 
hydrogen atoms are transferred simultaneously from the saturated 
alkane to the benzyne carbon atoms—a process that could be viewed 
as a metal-free, double C-H activation event’®. 


METHODS SUMMARY 


A typical double hydrogen atom transfer reaction comprised heating a solution of 
HDDA triyne precursor (substrate) in cyclooctane (approximately 0.01 M) in a 
closed glass reaction vessel (for example, a screw-capped vial or culture tube). 
After the specified time, the reaction mixture was loaded directly onto a bed of 
silica gel and eluted first with hexanes to remove the excess cyclooctane and then 
with ethyl acetate to capture the reduced benzenoid products. These were further 
purified by chromatography on silica gel. Relative rate data (Fig. 3a, b) were 
collected by 'H NMR spectroscopy at 500 MHz using No-D NMR” and quant- 
itative NMR” techniques. Details are given in Supplementary Information. Details 
for the preparation of all new compounds, their full spectroscopic characterization 
data and the computational methods used are also provided in Supplementary 
Information. 
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Atmospheric oxygenation three billion years ago 


Sean A. Crowel}*, Lasse N. Dossing"*, Nicolas J. Beukes®, Michael Bau‘, Stephanus J. Kruger’®, Robert Frei? & Donald E. Canfield! 


It is widely assumed that atmospheric oxygen concentrations remained 
persistently low (less than 10~° times present levels) for about the first 
2 billion years of Earth’s history’. The first long-term oxygenation of 
the atmosphere is thought to have taken place around 2.3 billion years 
ago, during the Great Oxidation Event”*. Geochemical indications of 
transient atmospheric oxygenation, however, date back to 2.6-2.7 
billion years ago**. Here we examine the distribution of chromium 
isotopes and redox-sensitive metals in the approximately 3-billion- 
year-old Nsuze palaeosol and in the near-contemporaneous Ijzermyn 
iron formation from the Pongola Supergroup, South Africa. We find 
extensive mobilization of redox-sensitive elements through oxidative 
weathering. Furthermore, using our data we compute a best mini- 
mum estimate for atmospheric oxygen concentrations at that time of 
3 X 10~* times present levels. Overall, our findings suggest that there 
were appreciable levels of atmospheric oxygen about 3 billion years 
ago, more than 600 million years before the Great Oxidation Event 
and some 300-400 million years earlier than previous indications for 
Earth surface oxygenation. 

We searched for signs of early atmospheric oxygenation in rocks from 
the Pongola Supergroup (Fig. 1), deposited some 3 Gyr ago during the 
Mesoarchaean era’*. Metamorphism in the Pongola Supergroup is lar- 
gely restricted to greenschist facies”*, and Pongola rocks generally retain 
well-preserved geochemical signatures”” (Supplementary Information). 
We analysed the distribution of Cr isotopes and redox-sensitive metals 
both in a newly discovered palaeoweathering horizon'’, the Nsuze 
palaeosol, formed between 2.98 and 2.96 Gyr ago, and in marine chemi- 
cal sediments from the regionally expansive, shallow-water Ijzermyn 
iron formation”, deposited between 2.96 and 2.92 Gyr ago (Fig. 1). 

We analysed Cr isotopes in these rocks because they provide a sensitive 
indicator for oxidative weathering*'””* (see Supplementary Information 
for a detailed description of the Cr isotope proxy). This is because isotopic 
fractionation occurs when oxygen induces Cr redox reactions®'*"*. Oxid- 
ation of trivalent Cr (Cr(11)) to soluble hexavalent Cr (Cr(v1)) can enrich 
the resulting Cr(v1) in the heavy **Cr isotope by comparison with the 
residual Cr(1) (ref. 14). In the weathering environment, this leaves 
soils depleted in °*Cr when the **Cr-enriched Cr(v1) pool is removed 
by run-off’. Partial reduction of Cr(v1) in groundwater further enriches 
*°Cr in the mobile Cr(v1) pool, whereas light, Cr-depleted Cr(i) is 
precipitated and retained’’. The overall effect of Cr redox reactions in 
the weathering environment leads to heavy Cr(v1) (ref. 12) that is ulti- 
mately exported to the oceans by rivers. Chemical sediments, such as 
iron formations, can capture this signal of continental oxidative weath- 
ering if the mobile *°Cr-enriched Cr(v1) pool is large enough to alter the 
Cr isotope composition of sea water®. Importantly, acid dissolution of 
Cr,O3 to aqueous Cr(i1) does not induce measureable Cr isotope frac- 
tionation (Supplementary Information), and Cr(1m) liberation by the 
acid weathering of rocks, which may have occurred on the continents 
with exceptional vigour in association with the Great Oxidation Event”’, 
is therefore not expected to cause Cr isotope fractionation. 

The oxidation of Cr(1) in soils requires the presence of manganese 
oxide phases'®’”, Manganese oxide production, in turn, requires both 


molecular oxygen (O2) and microorganisms, which catalyse the reac- 
tion between oxygen and reduced Mn (ref. 18). Overall, fractionated 
Cr isotopes in soils and marine sediments provide a record of oxidative 
weathering on the continents and the presence of O, in the surface 
environment. As an additional proxy, we also explored the distribution 
of uranium, which is oxidized from U(1v), forming minerals with low 
solubility, to soluble U(v1) in the presence of oxygen”. 

We begin our exploration with the Nsuze palaeosol, which meets all 
five of the criteria for a true palaeoweathering profile (see additional 
description in the Supplementary Information), providing a new record 
of continental weathering in the Mesoarchaean era’’. The Nsuze pala- 
eosol is regionally developed on basaltic andesites and marks the ero- 
sional surface that separates the basaltic andesites of the Nsuze Group 
from marine and fluvial sedimentary rocks of the overlying Mozaan 
Group’°. The palaeosol is divided into two horizons on the basis of the 
dominant mineralogy: a thin upper sericitic horizon and a thick lower 
chloritic horizon (Fig. 2 and Supplementary Tables 1 and 2). The upper- 
most layers of the original soil have been lost, and the true thickness 
of the palaeosol is therefore unknown’®. Extensive weathering is indi- 
cated by large depletions of Ca and Na (Supplementary Information 
and Supplementary Fig. 1), which extend well into the chloritic zone. 
High values for standard indices of alteration (CIA-K, defined as Al,O3/ 
(Al,O3 + CaO + Na,O) X 100; ref. 20) thus reflect this massive loss of 
readily weathered soil components (Fig. 2). Primary igneous minerals 
(feldspar and amphibole) are present in the deepest samples of the lower 
palaeosol (Supplementary Table 2), which have elevated Ca contents 
and low CIA-K; therefore, this region probably approaches, but may not 
quite reach, the composition of the parent basaltic andesites. 

Chromium isotopes are **Cr-depleted and cations are lost in a 
region of extensive weathering within the middle and upper reaches 
of the chloritic palaeosol, demonstrating Cr oxidation during weath- 
ering (Fig. 2). There is some evidence for the oxidative loss of U in the 
upper chloritic zone (Fig. 2), but loss based on ratios of U to some 
immobile elements is not as clear (Supplementary Fig. 2). Oxidative U 
loss may not be expected if U in the parent basaltic andesite is assoc- 
iated with refractory phases, such as apatites and sphene or minor 
zircons’. We also note that Fe(11) is retained in the middle and upper 
chlorite zones (Fig. 2). Retention of Fe (1m) during primary subaerial 
weathering implies soil development in the presence of oxygen, whereas 
substantial Fe(m1) loss can be expected under anoxic conditions”. 
Together, these data are best explained by weathering of the Nsuze 
basaltic andesites in the presence of oxygen. 

Wealso note Fe(11) enrichment in the region of maximum weathering 
within the chloritic palaeosol (Fig. 2). Such enrichment could result from 
Fe redistribution in association with primary weathering through leach- 
ing of Fe from overlying soil horizons, as has been observed in palaeo- 
sols forming after the Great Oxidation Event’', when oxygen levels were 
substantially higher than at earlier times. There could also have been 
mobilization of Fe(m) during burial of the palaeosol and in the presence 
of anoxic groundwater. Even so, Cr and U signals derived from oxid- 
ative processes are likely to remain stable under anoxic groundwater 
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Figure 1 | Geographical location and 
stratigraphy. a, Geological map of the study area 
(bottom), showing the location of the Mozaan and 
Nsuze groups, South Africa, including the drill core 
PMH-24 and the outcrop of the IF in the Wit 
Mfolozi inlier, and the location of the study area 
within South Africa (top, rectangle shows study 
area). b, Stratigraphic column of the Mozaan and 
Nsuze groups. Age constraints are based on 
previously published work for the Agatha lavas 
(2.980 Gyr old’®), lower quartzite and 
conglomerate (2.960 Gyr old’), and upper quartzite 
and conglomerate (2.924 + 0.030 Gyr old’). On 
the basis of stratigraphic considerations, including 
the erosion of Nsuze volcanics before deposition of 
the lower quartzite, our best estimate for the 
discordance between the Nsuze palaeosol and the 
IIF is between 5 and 10 Myr. 
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conditions, unless they are overprinted by subsequent addition of Cr 
and U, which could occur near oxic—anoxic interfaces owing to reduc- 
tive precipitation of Cr(v1) and U(v1). This seems to be the case in the 
upper sericitic zone of the palaeosol. 

Indeed, the upper sericitic Nsuze palaeosol records fractionated Cr 
isotopes (though less fractionated than in the lower palaeosol) along 
with enrichment of Cr and U, clearly demonstrating overprinting by a 
later process, most likely by the reductive precipitation of Cr and U 
mobilized from elsewhere. Detrital processes can lead to the enrich- 
ment of elements hosted by minerals resistant to chemical weathering, 
but these processes are not expected to cause the fractionation of one 
element hosted by resistant minerals from another. Ratios of resistant 
elements therefore typically remain constant during detrital enrich- 
ment, and deviations from a constant ratio would indicate selective 
mobility induced by chemical weathering. Vertical profiles of the ratio 
of U to Al,O3 clearly show enrichment of U relative to Al,O; in the 
sericitic palaeosol (Fig. 2e) by comparison with the parent basaltic 
andesite, thus indicating chemical mobility and oxidative U cycling. 
Redox-induced U mobility is also supported by vertical profiles (Sup- 
plementary Fig. 2) and cross plots (Supplementary Fig. 16) of U with a 
suite of elements commonly resistant to chemical weathering. The Cr 
in the sericite horizon is **Cr-enriched by comparison with the under- 
lying chloritic horizon but is still **Cr-depleted by comparison with the 
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igneous inventory. Such an isotopic composition would be expected if 
the primary *’*Cr-depleted weathering signal were overprinted by °*Cr- 
enriched Cr added through reduction of a marine, riverine or ground- 
water Cr(v1) pool. Importantly, though, the initial mobilization of the 
Cr and U, which we now see enriched in the upper sericitic palaeosol, 
required transport as oxidized species, and, thus, the presence of oxy- 
gen. The processes that caused the reductive precipitation of Cr and U 
are uncertain, but precipitation might have been related to the deposi- 
tion of the overlying fluvial and marine sediments’. This deposition is 
dated to 2.96 Gyr ago’, and although the Cr and U chemistry of the 
sericite zone is complex, it still requires, albeit indirectly, atmospheric 
oxygen for its development. 

We now turn to the near-contemporaneous Ijzermyn iron formation” 
(IF). This chemical sediment is subdivided into two units: a lower, 
almost exclusively chemical precipitate (CIF) and an upper, silicate facies 
iron formation with some siliciclastic components (SIF), as delineated by 
Al concentrations (Fig. 3). The iron formation is interlayered with 
shales’. Chromium in the ITF, most notably from the CIF, has 8°Cr 
values up to 0.28 + 0.14%o, with a mean for the CIF of 0.16 + 0.15%b, 
significantly (Piwo-tailed = 0.0026) heavier than the igneous inventory” 
(Fig. 3). The sediments of the IIF have thus captured a mobile, Cr- 
enriched Cr(v1) pool originating from oxidative continental weathering. 
The isotopically heavy Cr in the IIF is also accompanied by substantial 
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Figure 2 | Geochemical profiles and lithologies of the Nsuze palaeosol. 

a, CaO and CIA-K; b, 5°°Cr; ¢, Cr concentrations; d, e, enrichment factors 
Fe(11), and Fe(), (d) and U, (e) (species, = [species/Al,03] sampie/ [species/ 
Al,O3]pareny Where [species/Al,03] parent is calculated as the mean of the four 
samples from the lower chloritic palaeosol with the lowest CIA-K); f, Zr/Hf. 
The blue shaded area in b represents igneous-inventory 5°°Cr values (mean 
8 Crignesiis —0.123 £ 0.102%po (2 s.d.); ref. 22); the error bars represent the in- 
run precision (2 s.d.) unless the in-run precision was better than the external 


enrichment in U in comparison with average Archaean continental crust” 
(Fig. 3) and interlayered shales’ requiring a mobile U(v1) pool. The partial 
oxidative weathering of detrital uraninites, accumulated earlier in the 
Archaean eon”, provides a likely source of U(v1) for the Mesoarchaean 
oceans, with perhaps some input from weathered soils. Both Cr isotopes 
and U enrichment in the IIF therefore provide firm evidence for mobile 
Cr(v1) and U(v1) and signal the development of oxidative weathering in 
the Mesoarchaean. Palaeosol formation and deposition of the IIF may be 
temporally separated by up to 10 Myr, suggesting sustained oxidative 
weathering over this time span. Importantly, oxidative weathering in 
the Mesoarchaean led to a 5°*Cr range of 1.26%o in the Pongola rocks, 
which is more than six times the range observed in all igneous rocks 
measured so far”, Overall, both on land and in the oceans, from source to 
sink, our Cr isotope and U data reveal extensive mobilization of redox- 
sensitive elements through oxidative weathering, implying appreciable 
levels of atmospheric oxygen at about 3.0 Gyr ago. 

Iron formations from the 3.8-Gyr-old Isua belt in Greenland have 
an igneous-inventory Cr isotope composition’ and U abundances near 
the crustal inventory. These rocks provide no evidence for 3.8-Gyr-old 
oxidative Cr and U cycling, and a suite of iron formations ranging in 
age from 3.51 to 2.74 Gyr also show no Cr isotope fractionation’. In this 
record, however, there is a notable gap between 3.51 and 2.85 Gyr ago, 
except for a single Cr isotope measurement with a mantle-inventory 
value at 2.9 Gyr ago. Indeed, Cr isotope fractionation comparable to 
what we observed in the IIF is not seen again until 2.7-2.6 Gyr ago. This 


a b c 


reproducibility (2 s.d. = 0.12%o), in which case we report the latter. The vertical 
dashed lines in f represent 30% of the mean of the Zr/Hf ratios that bracket the 
range exhibited by single modern weathering profiles on homogenous parent 
rocks”. Horizontal dashed lines delineate the position of a mafic sill that 
crosscut the palaeosol in the Jurassic (0.228 Gyr ago) (Supplementary 
Information). BA, basaltic andesite; CG, conglomerate; LCP, lower chloritic 
palaeosol; SL, sill; USP, upper sericite palaeosol. 


variability in iron-formation Cr isotope composition seems to record 
fluctuating levels of atmospheric oxygenation during the Archaean, 
indicating that we captured an interval at 3.0 Gyr ago of elevated oxy- 
gen concentrations above a generally lower background level. 

We can use our data to constrain levels of atmospheric oxygen 
3.0 Gyr ago. Our oxygen estimates are based on the rationale that the 
export of Cr(v1) from the weathering environment and to the oceans 
requires run-off containing little Fe(11) given that Fe(1I) is an effective 
reductant for Cr(v1), causing its precipitation and immobilization**”. 
Therefore, we have computed the minimum levels of atmospheric O7 
required to oxidize reactive Fe(11) during the weathering of average 
Archaean crust” (see Supplementary Information for computation 
details). Different assumptions about continental erosion rates and 
the transport rate of oxygen into soils generate different values for atmo- 
spheric O,. Other rock components such as Mn and redox-sensitive 
trace elements also act as oxygen sinks, but these are insignificant given 
both the dominance of Fe(11) and the order-of-magnitude uncertainty in 
our estimated O, values. Taken together, our computations suggest that 
oxygen concentrations were at least 6 X 10° ° times present atmospheric 
levels (PAL) and possibly as high as 3 X 10° * PAL, with our best min- 
imum estimate on the order of 3X 10-* PAL. 

Independent atmospheric modelling of the mass-independent sul- 
phur isotope fractionation (MIF) signal, which is small but still apparent 
in similarly aged Mesoarchaean rocks”*”’, suggests atmospheric oxygen 
levels below 10 ° PAL”®. These levels are similar to our lowest estimates 


d Figure 3 | Geochemical profiles of the IIF. 
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for O, concentrations, but our higher estimate would be difficult to 
reconcile with these models for MIF preservation. It has been suggested 
that the low magnitude of the MIF signals in 2.94—2.92-Gyr-old rocks is 
due to dilution with mass-dependent sulphur, possibly derived from 
pyrite weathering”. The increased levels of contemporaneous atmo- 
spheric oxygen revealed here could indeed link the low-magnitude 
Mesoarchaean MIF signals to enhanced oxidative pyrite weathering 
on land and increased fluxes of sulphate to the oceans. Likewise, previous 
studies have also linked the preservation of detrital pyrites and uraninites 
to low concentrations of atmospheric oxygen in the Archaean*”’. Various 
attempts to calibrate O, concentrations that allow detrital pyrite and 
uraninite preservation have led to the acceptance of a wide range of 
possible O, concentrations, from 10 * PAL for uraninite!® to between 
10° PAL’ and 10° PAL” for pyrite. The preservation of detrital pyrites 
and uraninites in the Mesoarchaean is therefore well in line with the 10 * 
PAL atmospheric O2 proposed here. 

O, can be produced both abiotically through atmospheric photo- 
chemical reactions and biologically through oxygenic photosynthesis. 
Atmospheric modelling” has placed upper limits of 2.5 X 10° PAL 
on photochemical oxygen production via hydrogen peroxide intermedi- 
ates, although, under very special circumstances, up to 1.5 X 10° PAL 
can be produced locally. Our observations require oxidative weathering 
over broad swaths of the continents, and so even our lower estimate of 
6 X 10 ° PAL oxygen greatly exceeds those possible by photochemical 
means alone. We suggest oxygen production through oxygenic pho- 
tosynthesis as a possible explanation for the geochemical signals we 
observe in 3.0-Gyr-old rocks. This would imply that cyanobacteria 
may have evolved by this time, indicating a much deeper history, by 
300-400 Myr, for oxygenic photosynthesis than previously realized". 


METHODS SUMMARY 


Samples of the Nsuze palaeosol were recovered from drill core PMH-24, whereas 
unweathered samples of the IIF were collected from outcrops within the Wit 
Mfolozi inlier. All samples were crushed to powder using an agate mortar. Before 
Cr purification for isotope measurements, samples were spiked with a Cr(i) 
°°Cr-*Cr isotope double spike® and dissolved in hot HE-HNO;-HCl acid mix- 
tures. Chromium was purified using the standard ion exchange technique and the 
isotope ratios measured by thermal ionization mass spectrometry, as previously 
described*. Chromium isotope ratios are reported as 


(8° Cr=(P?Cr/”Cr) ampte/?Cr/”’ Ct) seat 979 — 1) x 1000 


where SRM 979 denotes Standard Reference Material 979. Trace elements were 
determined on a Perkin Elmer Elan 6100 DRC quadrupole inductively coupled 
plasma mass spectrometer using the international BHVO-2 standard for calibration. 
Whole-rock analyses were carried out at Activation Laboratories Ltd following the 
analytical procedure termed ‘Code 4LITHO Major Elements Fusion ICP(WRA)/ 
Trace Elements Fusion ICP/MS’. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 


Samples were collected from a drill core (PMH-24) in the Denny Dalton area’, 
South Africa, and from outcrops of the IIF, Singeni Formation of the Mozaan 
Group’, which outcrops within the Wit Mfolozi inlier (Fig. 1a and Supplementary 
Fig. 3). All samples for elemental measurements were crushed to powder using an 
agate mortar. Whole-rock analyses were carried out at Activation Laboratories Ltd 
following the analytical procedure termed ‘Code 4LITHO Major Elements Fusion 
ICP(WRA)/Trace Elements Fusion ICP/MS’. A brief description of the procedure 
is summarized below from information available on the Actlabs homepage (http:// 
www.actlabs.com). Crushed samples were mixed with a flux of lithium metaborate 
and lithium tetraborate and fused in an induction furnace. The molten melt was 
immediately poured into a solution of 5% nitric acid containing an internal stand- 
ard, and mixed continuously until completely dissolved (~30 min). 

For ‘Code 4B’, the samples were analysed for major oxides and selected trace ele- 
ments using a combination of instruments simultaneously or sequentially (Thermo 
Jarrell-Ash ENVIRO IL ICP or a Varian Vista 735 ICP). Calibration was performed 
using seven prepared USGS- and CANMET-certified reference materials. One of the 
seven standards was used during the analysis for every group of ten samples. For 
“Code 4B2’, the fused samples were diluted and analysed by inductively coupled 
plasma mass spectrometry (Perkin Elmer Sciex ELAN 6000). Three blanks and five 
controls (three before the sample group and two after) were analysed per group of 
samples. Duplicates were fused and analysed every 15 samples. The instrument 
was recalibrated every 40 samples. We note that samples were not decarbonated 
before analyses, and so CaO values include carbonate Ca. Carbonate minerals were, 
however, not detected by X-ray diffraction analyses and are therefore probably a 
minor component of the palaeosol. 

Additionally, the Fe(i1) content was determined as FeO (Actlabs code 4F-FeO- 
titration) by titration using a cold acid digestion with ammonium metavanadate 
and HF. Ferrous ammonium sulphate was added after digestion and potassium 
dichromate was used as the titrating agent. The end point was determined visually 
on the basis of colour. 

Standard X-ray powder diffraction analyses were conducted on palaeosol sam- 
ples to identify dominant mineral phases. Selected minerals were analysed for their 
microchemical composition by means of a Cameca SX100 electron microprobe. 
Reference material “Multi RM block PH1’ was also analysed. 

Additional trace element analyses were conducted using solution inductively 
coupled plasma mass spectrometry (Perkin Elmer Elan 6100 DRC quadrupole 
ICP-MS). The samples were dissolved by standard procedures using HCI-HNO3- 
HF. The international reference material BHVO-2 was analysed for calibration. In 
general, these data agreed well with those obtained from Actlabs. 

Before purification, a *°Cr-**Cr double spike was added to the samples to correct 
for potential Cr isotope fractionation during separation as well as instrumental mass 
bias during analysis. A two-step Cr purification procedure was used’. In the first 
separation step, digests were passed through 10-ml Poly-Prep Chromatography 
Columns (Bio Rad Laboratories, no. 731-1550EDU) packed with 2 ml DOWEX 
AG-1x8 anion resin (100-200 mesh chloride form, Bio Rad Laboratories) that 
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was preconditioned with 6 moll~' HCI. In 6 moll”? HCl, Cr(1) has low affinity 
for the resin and passes through the column. Chromium(t!) was collected with 6 ml 
of 6 mol!” ' HCl in Savillex PFA vials and evaporated to dryness on a hot plate. The 
resin was cleaned with 20 ml of 5 moll”! HNO3, 30 ml of 6 moll”! HCl and 40 ml of 
ultrapure water, and reused in the second chromatographic step for the same sample 
to minimize contamination. To oxidize all Cr(m) to Cr(v1), the Cr(m) was redis- 
solved in 10 ml of 0.2 moll ' HCl, 0.5 ml of 0.5 jumol 1! (NH4)S2Os was added and 
the sample was heated to 130°C for Lh. 

A second chromatographic step was used to separate Cr(v1) from the remaining 
matrix, using an anion resin that was preconditioned with 0.2 moll! HCL. This 
second step is based on the exchange of chloride ions on the anion resin with Cr(v1) 
oxyanions as previously described’. After the elution of matrix elements with 10 ml 
2.0 moll! HCL, Cr was released from the anion resin and eluted by reduction to 
Cr(m) using 2 moll” ’ HNO; and 5% hydrogen peroxide. Finally, the Cr-bearing 
solutions were evaporated to dryness on a hot plate and the purified Cr mounted 
on Re filaments with a mixture of 3 ll silica gel, 0.5 pl 0.5 moll”! of H3BO; and 
0.5 p11 0.5 moll”! of H3PO,. Notably, all samples were subjected to both chromato- 
graphic steps except soil extracts and water samples, which were subjected only to 
the second step, because these samples contained low concentrations of matrix 
elements. Procedural yield tests were performed by passing known quantities of 
the certified isotope standard reference material NIST SRM 979 over chromato- 
graphic columns with double-spike addition after Cr chromatography. Chromium 
recovery varied between 80% and 90%. Procedural blanks contained 5-10 ng Cr, 
whereas a typical sample yielded >500 ng purified Cr. All Cr isotope ratio mea- 
surements were conducted using an IsotopX/GV IsoProbe T thermal ionization 
mass spectrometer equipped with eight Faraday collectors to monitor *°Cr’, 
Cr, Ga Ge adel OF Ti, ayy 56Re* and °°Mn*. One measurement consisted 
of 120 cycles (grouped into 24 blocks of 5 cycles each with 10-s signal integration 
periods) performed in static mode. Before every block, a baseline integration of 20 s 
at 0.5 AMU was collected on either side of the peaks. Every load was analysed 2-7 
times. The final isotope composition of a sample was determined as the average of 
the repeated analyses. Processed double-spiked NIST SRM 979 standard yielded a 
2 s.d. external reproducibility in 5°*Cr value of +0.12%o (52 AMU signal intensity of 
0.4V). 

Different separates of the crosscutting sill were obtained from crushed whole 
rock powders using standard magnetic separation and heavy liquid techniques. 
Before purification, the rock powders were spiked with a '*’Sm-'°°Nd mixed spike 
and the bulk rare-earth elements were separated over 15-ml glass-stem columns 
charged with AG 50W cation resin (100-200 Mesh). Rare-earth elements were 
further separated over HDEHP-coated bio beads (Bio Rad Laboratories) loaded in 
6 ml glass-stem columns. Samarium and Nd isotope ratios were analysed using a 
VG Sector 54 IT mass spectrometer. During analysis, both static and multidynamic 
routines were used for the collection of the isotopic ratios. Neodymium isotope ratios 
were normalized to '“°Nd/"“*Nd = 0.7219. The mean value of '**Nd/'*Nd for the 
JNdi-1 standard during the period of measurement was 0.512109 + 0.000009 (2 s.d., 
N=5). 
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Integrating abundance and functional traits reveals 
new global hotspots of fish diversity 


Rick D. Stuart-Smith!, Amanda E. Bates', Jonathan S. Lefcheck?, J. Emmett Duffy’, Susan C. Baker’, Russell J. Thomson!, 
Jemina F. Stuart-Smith', Nicole A. Hill’, Stuart J. Kininmonth*, Laura Airoldi?”®, Mikel A. Becerro’, Stuart J. Campbell’, 
Terence P. Dawson’, Sergio A. Navarrete!®, German A. Soler’, Elisabeth M. A. Strain, Trevor J. Willis"! & Graham J. Edgar! 


Species richness has dominated our view of global biodiversity patterns 
for centuries’. The dominance of this paradigm is reflected in the 
focus by ecologists and conservation managers on richness and asso- 
ciated occurrence-based measures for understanding drivers of broad- 
scale diversity patterns and as a biological basis for management**. 
However, this is changing rapidly, as it is now recognized that not 
only the number of species but the species present, their phenotypes 
and the number of individuals of each species are critical in deter- 
mining the nature and strength of the relationships between species 
diversity and a range of ecological functions (such as biomass pro- 
duction and nutrient cycling)°. Integrating these measures should 
provide a more relevant representation of global biodiversity pat- 
terns in terms of ecological functions than that provided by simple 
species counts. Here we provide comparisons of a traditional global 
biodiversity distribution measure based on richness with metrics 
that incorporate species abundances and functional traits. We use 
data from standardized quantitative surveys of 2,473 marine reef fish 
species at 1,844 sites, spanning 133 degrees of latitude from all 
ocean basins, to identify new diversity hotspots in some temperate 
regions and the tropical eastern Pacific Ocean. These relate to high 
diversity of functional traits amongst individuals in the community 
(calculated using Rao’s Q°), and differ from previously reported 
patterns in functional diversity and richness for terrestrial animals, 
which emphasize species-rich tropical regions only”*. There is a 
global trend for greater evenness in the number of individuals of 
each species, across the reef fish species observed at sites (“community 
evenness’), at higher latitudes. This contributes to the distribution of 
functional diversity hotspots and contrasts with well-known latitu- 
dinal gradients in richness**. Our findings suggest that the contri- 
bution of species diversity to a range of ecosystem functions varies 
over large scales, and imply that in tropical regions, which have 
higher numbers of species, each species contributes proportionally 
less to community-level ecological processes on average than species 
in temperate regions. Metrics of ecological function usefully 
complement metrics of species diversity in conservation manage- 
ment, including when identifying planning priorities and when 
tracking changes to biodiversity values. 

Species do not contribute equally to varied ecosystem processes and 
delivery of services’, and thus the sustainability and resilience of these 
processes depend on aspects of diversity beyond the number of species 
present in a community. This rationale has led to recent exploration of 
functional diversity indices to describe variation in traits that mediate 
species’ contributions to ecosystem processes'’. Community-wide con- 
tributions to a range of processes will depend not only on which species 
and functional traits are present but also on their relative abundances; 


yet only a few studies of functional diversity have accounted for the uneven 
distribution of individuals of different species within a community". 
So far, these studies have not used consistent quantitative sampling to 
account for the functional consequences of widely differing species 
abundances at a global scale. 

Our global analysis focuses on reef fishes, using data collected from 
4,357 underwater visual transects. Fishes are ideal for a global diversity 
analysis, as they represent the most diverse vertebrate group, encompass 
a range of important and diverse ecological roles, and marine fishes are 
relatively well known taxonomically and functionally. We build on prior 
analyses of coral reef fish diversity'*’* by substantially expanding the reef 
fish database in the world’s temperate and sub-polar regions, providing 
the first global maps of abundance-weighted functional diversity for 
any taxon in the oceans, and assessing congruence between richness 
and abundance-weighted functional diversity measures. 

Our functional diversity index summarizes community diversity 
with respect to eight traits that contribute to the functional position of 
species in the ecosystem, encompassing body size (maximum length), 
feeding ecology (trophic group, trophic breadth), behaviour (water 
column position, diel activity pattern, gregariousness), and habitat use 
(preferred substratum, habitat complexity) (Extended Data Table 1). 
We calculate functional diversity using Rao’s quadratic entropy’, Q, a 
measure of community-level dispersion of species in functional trait 
space weighted by their relative abundances. Rao’s Q is not mathemati- 
cally constrained to be positively correlated with species richness®, and 
thus allows unbiased tests of the relationships between species diversity 
and functional diversity. We use functional group richness to represent 
the richness of species groups sharing similar functional traits, for the 
purpose of describing a traditional representation of functional diver- 
sity, and for comparison with other diversity metrics. 

Previous global and broad-scale studies of marine fishes based on 
compilations of species distribution records have shown that species 
richness declines with increasing latitude and distance from hotspots 
in southeast Asia and the Caribbean’**. Here we corroborate these 
patterns for reef fishes using the number of species observed in a standar- 
dized area at the scale of individual reefs (‘species density’; Fig. 1a). 
Global mapping was based on predictions using broad-scale environ- 
mental variables, from random forest models that were generated from 
the site-level diversity measures and corresponding environmental data, 
with the effect of inherent spatial autocorrelation evaluated (see Methods). 
As expected from studies of other taxa’, the richness of functional groups 
(Fig. 1b) closely resembles the pattern in species density, with more 
trait combinations present in speciose tropical regions. 

Functional diversity of reef fish communities, incorporating relative 
abundances of species, shows markedly different global patterns to 
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Figure 1 | Global fish diversity patterns predicted from quantitative diver 
censuses at 1,844 sites. a, Species density (a relative measure of species 
richness) matches the previously established gradient (decreasing with higher 
latitudes). b, Functional group richness mirrors species density. c, Evenness 
(the spread of the number of individuals of each species, across species) 


those of species density and functional group richness (Fig. 1d), and is 
influenced by a previously undocumented global trend of increasing 
community evenness with latitude (Fig. 1c). Although current under- 
standing of global patterns in functional diversity is based largely on 
richness-based measures’, and thus highlights only tropical regions as 
hotspots, we found only a weak relationship between functional group 
richness and abundance-weighted functional diversity (r = 0.21; Extended 
Data Fig. 1; this was weaker when functional richness was expressed as 
the volume of trait space occupied). It is well-documented that the 
ecological effects of a species are generally proportional to its abund- 
ance or biomass’®. Thus, by incorporating observed variation in abun- 
dances across species within sites, abundance-weighted functional 
diversity more accurately reflects community functional structure than 
diversity metrics based ona simple count or inventory of species present 
within a broader geographic region. Our abundance-weighted metric 
provides an improved measure of functionally relevant biodiversity 
and an important new perspective to our understanding of global bio- 
diversity. In addition to some tropical regions, new hotspots of fish 
diversity are predicted for nutrient-rich regions, such as in cool bound- 
ary currents, where plankton and macroalgal trophic pathways are 
prominent. Conversely, oligotrophic regions, including some that are 
heavily impacted such as the Mediterranean, generally have low func- 
tional diversity (Fig. 1d), regardless of whether the total number of 
functional groups is high. 

The reasons for high functional diversity are not consistent across 
hotspots. Sites that were surveyed in temperate regions were generally 
characterized by higher functional diversity relative to species diversity 
(or richness) than sites in the tropics (Fig. 2 and Extended Data Table 2) 
and greater evenness in abundances across species (high community 
evenness; Fig. 1c). Thus, temperate functional diversity hotspots result 
from high average variation between individual fish in terms of their 
functional traits and likely functional roles (high individual comple- 
mentarity’). Tropical hotspots generally occur in regions where mode- 
rate to high functional group richness coincides with regions of moderate 
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increases with latitude. d, Abundance-weighted functional diversity is highest 
in the tropical eastern Pacific Ocean and dispersed hotspots at a range of latitudes. 
Colour classifications differ between maps owing to different ranges and 

distributions of diversity values. Minimum and maximum observed values are 
provided in the key for each plotas effective numbers per 500 m? (see Methods). 


community evenness, and thus can result from high average differentiation 
(complementarity) across either species or individuals (or both). The 
Galapagos Archipelago, which effectively comprises an isolated nutrient- 
rich, temperate-like region straddling the equator"®, is an exception to 
this pattern. This global hotspot is the result of uniquely high inter- 
specific complementarity, where fish communities are the most func- 
tionally diverse, worldwide, for any given level of species diversity (Fig. 2), 
despite relatively low evenness in abundance. 

Our study also provides an important perspective on the relation- 
ship between diversity and ecosystem functioning. This has typically 
been explored in terms of how the number of species influences various 
ecosystem properties in experimental systems at small scales (see ref. 17), 
but has not often taken advantage of large-scale field observations'*”’. 
Specifically, by focusing on multiple traits and on natural abundances, 
rather than simply presence or absence of species, we reveal a picture of 
reef fish functional diversity that varies over geographic gradients in a 
pattern distinct from global trends in species or functional richness 
(Fig. 1). The main reason for this discrepancy is that in locations in 
which species have more even abundance distributions, such as within 
temperate functional diversity hotspots, a greater proportion of species 
reach moderate abundances at which their unique trait combinations 
can significantly influence ecological processes. In contrast, function- 
ally unique tropical species tend to be rare, with a relatively weak aver- 
age influence on ecosystem processes. However, this does not mean that 
rare species may not sometimes still have important ecological roles”, 
and species with unique traits are clearly important from a conserva- 
tion perspective”’. 

To develop more effective biodiversity management to maximize 
the reliability of ecosystem processes in a changing environment requires 
cost-effective, broad-scale assessment and monitoring of many dimen- 
sions of biodiversity, including consideration of functional traits”. For 
example, metrics of ecological function can provide an important addi- 
tional input for marine protected area (MPA) planning and manage- 
ment. Relatively few MPAs are located at temperate latitudes, including 
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Figure 2 | The species diversity-functional diversity relationship for reef 
fishes differs between temperate and tropical sites. Although overlap 
between some temperate and tropical sites was observed, on average temperate 
sites have higher functional diversity relative to species diversity compared to 
the tropics (P < 0.001, n = 1,817 sites; see Methods), indicated by divergence of 
regression slopes predicted by a linear mixed effects model accounting for the 
random effects of ecological region nested in realm and heteroscedascity 
(Extended Data Table 2). Both functional diversity and species diversity were 
calculated using Rao’s Q, incorporating abundance information and expressed 
as effective numbers (reducing species diversity to the inverse Simpson index), 
with functional diversity also incorporating data on functional traits. Grey 
shading represents 95% confidence intervals. The Galapagos Islands are 
distinct from the global pattern. 


in the southern hemisphere”’, a bias that has been accentuated in recent 
years with global focus on declaration of large tropical MPAs”. Our 
results identify further unrecognized biodiversity value in some tem- 
perate and southern hemisphere marine regions, strengthening the 
argument for greater representation of these areas in global MPA pro- 
tection. Nevertheless, as is also the case with species diversity, func- 
tional trait data need to be coupled with species identity information to 
ensure, for example, that MPAs within networks are complementary 
and encompass as much regional biodiversity as possible at both species 
and functional levels, rather than replicating ecologically similar patches 
of high diversity only”. Important next steps for building information 
on functional traits into further conservation applications will include 
quantification of relationships between metrics of ecological functional 
and major human impacts (including fishing)*° and development of 
associated ecological indicators. Widespread use of such indicators 
offers enormous potential for prioritizing and informing adaptive manage- 
ment and in depicting global conservation targets, alongside indicators 
tracking decline of rare and endemic taxa’’. 


METHODS SUMMARY 


Field data. Standardized visual censuses along 50-m transects were undertaken at 
1,844 sites in 74 of the world’s marine ecological regions** (Extended Data Fig. 2) 
through the Reef Life Survey program (RLS; http://www.reeflifesurvey.com). RLS 
utilizes skilled volunteer SCUBA divers trained to scientific data collection stan- 
dards, who undertake surveys with researchers using a consistent methodology 
that has been evaluated and proven effective for broad-scale studies”. Multiple 
transects were surveyed at each site (mean 2.4), and species names and abundances 
of all fishes observed within 5 m either side of transect lines were recorded. Details 
of quality-control measures are described in the Supplementary Information. Sites 
were classified as temperate or tropical based on Marine Ecoregions of the World 
categorization”. 

Diversity indices. Species density was the mean number of fish species per 500 m? 
at each site. Species and functional diversity were calculated using Rao’s Q*, incor- 
porating relative abundance of each species and converted to effective numbers 
following a method from a previous study*’. Functional diversity and functional 
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group richness were based on eight functional traits scored for each of the 2,473 
fish species in the data set (many from FishBase, http://www.fishbase.org; Extended 
Data Table 1) and calculated using the functional diversity package in R. Evenness 
was calculated by dividing species diversity by species density (richness). 

Global mapping. Relationships between site diversity index values and 13 physical 
and environmental variables were modelled using random forest methods, where 
each forest was created by generating 2,000 regression trees from a bootstrap 
sample of the data. The same technique was used to predict values of each index 
across 5 arc-minute grid cells globally for mapping. A parallel reduced model was 
run using only data from sites spaced greater than the distance at which spatial 
autocorrelation occurred, which confirmed global predictions were not influenced 
by inherent correlation of diversity values between sites in close proximity. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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METHODS 

Fish survey methods. Fish abundance data were collected using standard Reef Life 
Survey (RLS) methods on 4,357 transects at 1,844 sites, in 74 of the world’s marine 
ecological regions (or ‘ecoregions’, as defined in a previous paper”), with a mean of 
2.4 transects per site, at a mean depth of 7.4m (Extended Data Fig. 2). RLS uses 
skilled volunteer SCUBA divers trained to scientific data collection standards, who 
undertake surveys with researchers using a consistent methodology that has been 
evaluated and proven effective for broad-scale studies’”””*’. This methodology is 
based on fixed-length belt transects in shallow reef habitats, each covering an area 
of the seafloor 50 X 10 m, up toa height of 5 m (full details are provided in an online 
methods manual; http://reeflifesurvey.com/files/2008/09/NEW-Methods-Manual_ 
15042013.pdf). All fishes sighted in the transect area (by divers swimming either 
side of the transect) were recorded on an underwater slate, with abundance esti- 
mates made by counting individuals of less abundant species and estimating the 
number of more abundant species. The majority of fishes were recorded to species 
level, but unidentified fishes were classified at the highest taxonomic resolution 
possible rather than omitting them. The use of digital photography typically allowed 
later identification of many unidentified species, with the assistance of taxonomic 
experts, as required. Appropriate transformations and diversity indices were used to 
reduce dominating influences of abundance estimates for the most abundant species. 

A summary of the total number of transects, species and mean densities of 
species and individuals in each of the 11 marine realms”* is provided in Extended 
Data Fig. 2b. This shows clear divisions between tropical and temperate realms in 
terms of densities of species and individuals, with no temperate realm averaging 
greater than 18 species and 870 individuals per 500 m’, whereas all tropical realms 
averaged greater than 25 species and 1,430 individuals per 500 m’. 

The extent and quantity of data used for this study and in the RLS database has 

only been possible through volunteer efforts. Rigorous measures have been applied 
to ensure consistency and quality of data, with all divers involved having either 
substantial prior experience or detailed one-on-one training provided, and exten- 
sive data checking applied post dive and before addition to the database. More 
details on data management and quality control procedures are provided in the 
Supplementary Information. Only the most skilled subset of divers was involved in 
the more difficult surveys of diverse coral reefs, where >100 fish species were 
occasionally recorded on transects. 
Functional traits. We compiled values of eight functional traits for each of the 
2,473 fish species in the data set (Extended Data Table 1). These were chosen to 
encompass diverse attributes of fish ecology that are known to influence their func- 
tional role in an assemblage, incorporating life history, trophic position, behaviour, 
and habitat associations. We excluded records of fishes which were not identified to 
at least Class level (<0.001% of records), and allocated an average value from other 
members of the same genus (or in some cases, family) for records in which the 
species was not known, but the genus (or family) was known (0.004% of records). 
Many trait values were obtained from FishBase (http://www.fishbase.org/), and 
others were allocated based on the authors’ combined knowledge of the species. 

The allocation of such a comprehensive and informative suite of traits was only 
possible because fishes are generally so well-known. Despite this, compiling a trait 
database for reef fishes globally represented an enormous task, and although we 
attempted to minimize potential errors as much as possible, we acknowledge that a 
certain level of error is unavoidable. We make the assumption that there is no 
systematic bias related to the allocation of traits to species from different regions. 
Further details relating to potential biases in trait allocation are provided in the 
Supplementary Information. 

Diversity indices. Species density was calculated as the number of species observed 
per 500-m/ transect area, whereas species and functional diversity were calculated 
using Rao’s Q®, functional group richness (FGR) using a functional dendrogram, 
functional richness as the convex hull volume, and evenness by dividing species 
diversity by species density (species richness)**. Rao’s Q, FGR and functional rich- 
ness were calculated using the functional diversity package in R*** (http://cran. 
r-project.org/web/packages/FD/FD.pdf), incorporating the functional trait data. We 
excluded transects where fewer than three species were observed before calculating 
Rao’s Q (for functional diversity) and FGR, and transects with fewer than five 
species for functional richness. A similarity cut-off of 0.18 was used for FGR, based 
on the maximum length of basal branches in the functional dendrogram using the 
method ‘mcquitty’. Rao’s Q (for functional diversity) and functional richness were 
estimated using the sqrt-corrected species-by-species Gower distance matrix. 
Functional diversity was subsequently scaled by its maximum value across all fre- 
quency distributions to allow for comparisons across sites. Values of Rao’s Q (for 
species and functional diversity) were converted into effective numbers using a 
linear transformation provided previously”, such that the ‘doubling property’ was 
satisfied (also making Rao’s Q for species diversity the same as the inverse Simpson 
index). Functional richness was calculated as a convex hull volume generated from 
‘new traits’ returned following principal coordinates analysis (PCoA) on the corrected 
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species-by-species distance matrix (R’, indicating the quality of the reduced space 
representation of the traits, was 0.60 with 4 PCoA axes). Gregariousness (1 to 3) 
was ordered as a factor, and all other traits were coded as unordered factors. 

To explore the contributions of individual traits to global patterns in functional 
diversity, we removed each trait from the full trait matrix and re-calculated Rao’s Q 
(as above) to produce eight functional diversity estimates. We then compared each 
of the eight functional diversity estimates to functional diversity calculated using 
the full trait matrix using linear regression. When traits with weaker influence on 
functional diversity were dropped from the calculation of functional diversity, the 
change in functional diversity was small and R* was close to 1. Those traits that 
contributed more to functional diversity, when dropped from the trait matrix, 
resulted in a weaker relationship (lower R”). This approach therefore allowed the 
ranking of traits based on the relative change in R? when each was dropped from 
the trait matrix, where lower R” values indicated a higher contribution to the 
overall functional diversity. This process identified water column position, sub- 
strate preference and trophic group as contributing most to global patterns in 
functional diversity (Extended Data Table 3). 

The relationship between functional and species diversity presented in Fig. 2 
was tested using a linear mixed effects (LME) model, which included the random 
spatial effects of the ecological region nested in Realm”, and error structures 
applied to normalize variance in the residuals. We also introduced a spherical 
autocorrelation structure to our model, however inclusion of this term did not 
improve the model fit (on the basis of AIC) and this term was therefore removed. 
Further detail on the model structure and summary information is provided in 
Extended Data Table 2. The data used were from 1,817 sites (1,844 minus 27 which 
had fewer than three species recorded - see above) with both species and func- 
tional diversity calculated using Rao’s Q and expressed as effective numbers (as 
above). Sites were classified as temperate or tropical based on their location in the 
Marine Ecoregions of the World categorizations”. 

For all methods for quantifying fish communities, visual census methods are 
characterized by large amounts of variation and a number of biases (for example, 
see ref. 35). We make the assumption that none of these biases are directional in 
such a way that will influence the values of diversity metrics over the global scale; 
for example, that species-specific behavioural traits which affect estimates of their 
density will be consistent throughout their range (for example, at different latitudes). 
Predicting and mapping global diversity measures. Relationships between site 
diversity metric values and 13 environmental and geographic variables (Extended 
Data Table 4) were modelled using random forest methods”, in which each forest 
was created by generating 2,000 regression trees from a bootstrap sample of the 
data. The same technique was then used to predict values of each index across 5 
arc-minute grid cells globally. Environmental variables were obtained from the 
Bio-ORACLE environmental data set*”. A human population index was included 
as a predictor variable, calculated by fitting a smoothly tapered surface to each 
settlement point on a year 2000 world-population density grid using a quadratic 
kernel function described previously**. Populations were screened for a density 
greater than 1,000 people per 0.04 degree cell, and the search radius was set at 3.959 
degrees. 

To estimate prediction error, observations not selected in the bootstrap sample 
for a tree (the ‘out-of-bag’ sample) were compared to their predictions, in a similar 
way to cross-validation. The accuracy importance (Extended Data Fig. 3), or mean 
decrease in accuracy when the predictor variable is randomly permuted, was 
measured to assess the importance of each predictor variable. Accuracy was evalu- 
ated by comparing the predictions with the actual measures of the response 
variable, for those sites that were out-of-bag for a given tree. Conditional import- 
ance of the predictors” was used, as the standard marginal procedure in the random 
forest methodology can suffer from bias towards correlated predictors’®. Biodiversity 
indices were transformed according to the Box—Cox selection technique (Extended 
Data Table 5), but all predictions presented have been back-transformed. Random 
forest modelling was undertaken using the ‘extendedForest’ packages for R (https:// 
r-forge.r-project.org/projects/gradientforest). The fit of each random forest model 
was measured using the Pearson correlation coefficient between the actual mea- 
sures and the out-of-bag predictions, before back transformation. 

From the generated random forest, predictions were made at new sites by 
predicting the response variables using each tree individually and then taking 
the average. Standard deviations of the predictions were used as a measure of 
prediction error. Predictions of the response variables were made at new sites 
across the globe and plotted on maps with a coastal buffer. 

Anassessment of the spatial autocorrelation (SAC) of the global diversity indices 
was conducted using Moran’s J statistic’’, which compared the diversity values at a 
site with the weighted mean of neighbouring site values. Mean distance of nearest 
neighbour over all sites was 5.25 km, which was used as the lag distance. All 
diversity indices were positively spatially autocorrelated in the raw data (Moran’s 
I from 0.23 to 0.61; Extended Data Table 6); an expected result given well-known 
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patterns in richness are strongly related to latitude and temperature", which are 
also highly spatially autocorrelated. The presence of SAC can typically result in 
underestimation of model fitting and incorrect hypothesis testing, but model out- 
puts such as mean parameter estimates and predictions are less often affected”. 
There is no hypothesis testing associated with our RF models, and predictions from 
RF models have previously been identified to be robust to cluster-correlated data, 
such as in our data set”. 

Despite this, we tested for SAC in the residuals of the random forest models to be 
confident that SAC has not created false patterns in our diversity maps presented 
in Fig. 1. Although the diversity measures based on the raw data had positive SAC 
(noted above), the residuals of the random forest models had negative SAC (Extended 
Data Table 6). Thus, residuals at sites which are closer in distance are more dissimilar 
than residuals at more distant sites than expected. Visual assessment of variograms 
showed that the significant negative SAC was at scales less than 5km for all 
diversity measures, possibly because the predictor values, and hence the predic- 
tions, do not vary greatly within 5 km (owing to the grid size for environmental 
predictor variables in the Bio-ORACLE data set). Based on this, we generated a 
second set of random forest models using a subset of sites, chosen with a minimum 
distance apart of five km (the distance at which SAC became non-significant). 
Comparison of the original predictions with those made from the subset of sites 
showed tight concordance (Extended Data Fig. 4), providing strong evidence that 
diversity patterns presented in our global maps are not unduly influenced by SAC. 
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Extended Data Figure 1 | Global relationships between different functional groups (functional group richness; FGR) (a) and the volume of 

diversity measures. a, b, Abundance-weighted functional diversity (Rao’s Q multidimensional trait space filled by the community (convex hull volume) 
expressed as effective numbers; see Methods) for reef fishes provides different  (b). Kendall’s Tau correlation coefficients, r = 0.21 and 0.11, respectively. 
information to functional richness expressed as the number of functional Points represent individual reef sites surveyed. 
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MEOW Zone 


A RLS Sites (zl Tropical Temperate = Polar 


b) 
Realm Transects Total Species Mean species density Mean total fish density 
(500 m? +SE) (500 m® +SE) 
Arctic 6 5 1.2 (40.2) 3.5 (40.9) 
Central Indo-Pacific 716 1162 42.6 (+0.8) 1566.3 (+94) 
Eastern Indo-Pacific 238 538 43.3 (+1.1) 1669.9 (+124.9) 
Temperate Australasia 2239 843 17.7 (+0.2) 865.5 (+38.3) 
Temperate Northern Atlantic 200 127 9.8 (+0.3) 586.7 (+57.5) 
Temperate Northern Pacific 84 166 11.2 (+£0.7) 402.8 (+67.3) 
Temperate South America 52 28 3.4 (+0.2) 195.5 (+33.5) 
Temperate Southern Africa 24 39 8.7 (+0.7) 267.8 (+51.4) 
Tropical Atlantic 132 200 32.7 (+0.7) 1435.9 (+129.2) 
Tropical Eastern Pacific 562 249 25.3 (+0.3) 2489.7 (+142) 
Western Indo-Pacific 104 528 62.6 (+1.5 2193.3 (4207.7 


Extended Data Figure 2 | Details of global fish surveys. a,b, The fish fauna _ overlapping or hidden behind symbols for other sites. Tropical realms 
was quantitatively surveyed at 1,844 rocky and coral reef sites in 11 Marine possessed much higher average fish abundance and species densities (b). 
Ecoregions of the World realms by visual census (a). Note that many sites are 
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diversity (d). Explanations and units for variables are provided in Extended 


Data Table 4. 


Extended Data Figure 3 | The accuracy importance of the thirteen predictor 


variables for each of the random forest models. Models were for species 
density (a), species evenness (b), functional group richness (c) and functional 
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Extended Data Figure 4 | Scatter plots comparing global predictions from _(a), functional group richness (b), species evenness (c) and functional diversity 
random forest models used for mapping in Fig. 1 with those based on a (d). Predictions were compared for all global ocean grid cells where the depth 
training set including only sites >5 km apart. Models were for species density _ was less than 20 m. 
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Extended Data Table 1 | Functional traits of reef fishes used in 


estimation of functional diversity. 
Functional trait Category Type Units 
Maximum length Body size Numeric Total length (cm)* 
Trophic breadth Trophic Numeric Number of prey phyla 
niche consumed (from diet 
studies*). Range 1-8 
Trophic group Trophic Factor Browsing herbivore, 
niche scraping herbivore, 
benthic invertivore, 
planktivore, higher 
carnivore* 
Water column Behaviour Factor Benthic, demersal, site- 
position attached pelagic, roaming 
pelagic 
Gregariousness Behaviour Ordered Index from 1-3, 

Factor representing singleton, 
paired to sometimes 
forming small schools, 
always schools 

Diel activity pattern Behaviour Factor Nocturnal, diurnal 
Preferred substrate Habitat Factor Hard substrate, soft 

use sediment 
Habitat complexity Habitat Factor Typically associated with 


use 


habitats characterised by 
low, medium, high 
complexity 


*Obtained from www.fishbase.org/ 
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Extended Data Table 2 | Linear mixed effects model summary table 
for functional diversity versus species diversity shown in Fig. 2. 


Fixed-effects Estimate SE df t-value p-value 
Intercept 1.10 0.078 1744 14.05 <0.001 
Species Diversity 0.12 0.004 1744 26.91 <0.001 
Latitudinal Zone 0.38 0.108 8 3.48 0.008 
Species Diversity * Latitudinal -0.08 0.005 1744 -16.90 <0.001 
Zone 
Random-effects Realm Ecoregion _Residual 

35% 25% 40% 


The percentage variance explained by each random effect (‘ecoregion’ nested in ‘realm’) is reported. 
Error structure (within-realm standard deviation) was included to normalize variance in the residuals. 
The model was fitted using maximum likelihood with the nlme package in R. 
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Extended Data Table 3 | Contributions of individual traits to global 


patterns in functional diversity. 


Trait 

Water column position 
Preferred substrate 
Trophic group 

Diel activity pattern 
Habitat complexity 
Gregariousness 
Trophic breadth 
Maximum length 


Traits are listed in order of the magnitude of change in functional diversity arising from their removal, as 
assessed by R®, from the relationship with functional diversity calculated using all traits. Ranks are 


consistent for other correlation measures. 
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R2 
0.844 
0.903 
0.904 
0.908 
0.934 
0.952 
0.984 
0.998 
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Extended Data Table 4| Environmental and geographic variables 
used in random forest models. 


Code Variable Unit Range 
(reef Sites) 
nitrate Nitrate umol/| 0.14 - 15.31 
SST Mean Mean Sea Surface °C 5.35 - 31.09 
Temperature 
damean Diffuse attenuation mv 0.02 - 0.38 
coefficient at 490 nm 
phosphate Phosphate ymol/| 0.02 - 2.26 
silicate Silicate umol/| 0.31 - 37.9 
calcite Calcite mol/m? 5.25 -0.45 
chlomean Mean chlorophyll A Mg/m? 0.02 - 15.99 
concentration 
salinity Salinity PSS 27.4 - 40.1 
parmean Mean Photosynthetically Einstein/m2/ 26.3 - 50.9 
available radiation day 
SST Range Sea Surface Temperature ak © 0.96 - 17.93 
Range 
POP Index Population Index People/5 0-1.75 
km2 million 
lat Latitude ° oN -55.1 - 78.5 
long Longitude an = -179 - 175 
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Extended Data Table 5| Transformations and correlations of 
observed to predicted diversity values from random forest models. 


Diversity metric Transformation _r (full) =r (reduced) 
Species Richness log 0.93 0.95 
Functional Group Richness Square root 0.91 0.93 
Evenness log 0.67 0.67 
Functional Diversity log 0.58 0.62 


Correlations are between recorded values at reef sites and those predicted for the maps in Fig. 1 (full 


model), and only for sites >5 km apart (reduced). 
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Extended Data Table 6| Spatial autocorrelation measured by 
Moran’s /| for diversity metrics calculated from the raw data at reef 
sites and residuals from the four random forest models used to pre- 
dict diversity values for global maps 


Species Functional Evenness Functional 

richness group richness diversity 
Raw data 0.61* 0.61* 0.31* 0.23* 
RF residuals -0.42* -0.47* -0.42* -0.41* 


*denotes significance for two-sided test (a=0.05) 
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A disinhibitory microcircuit initiates critical-period 
plasticity in the visual cortex 


Sandra J. Kuhlman'+}*, Nicholas D. Olivas*, Elaine Tring’, Taruna Ikrar’, Xiangmin Xu? & Joshua T. Trachtenberg! 


Early sensory experience instructs the maturation of neural circuitry 
in the cortex’’. This has been studied extensively in the primary 
visual cortex, in which loss of vision to one eye permanently degrades 
cortical responsiveness to that eye**, a phenomenon known as ocu- 
lar dominance plasticity (ODP). Cortical inhibition mediates this 
process* *, but the precise role of specific classes of inhibitory neurons 
in ODP is controversial. Here we report that evoked firing rates of 
binocular excitatory neurons in the primary visual cortex immedi- 
ately drop by half when vision is restricted to one eye, but gradually 
return to normal over the following twenty-four hours, despite the 
fact that vision remains restricted to one eye. This restoration of 
binocular-like excitatory firing rates after monocular deprivation 
results from a rapid, although transient, reduction in the firing rates 
of fast-spiking, parvalbumin-positive (PV) interneurons, which in 
turn can be attributed to a decrease in local excitatory circuit input 
onto PV interneurons. This reduction in PV-cell-evoked responses 
after monocular lid suture is restricted to the critical period for 
ODP and appears to be necessary for subsequent shifts in excitatory 
ODP. Pharmacologically enhancing inhibition at the time of sight 
deprivation blocks ODP and, conversely, pharmacogenetic reduc- 
tion of PV cell firing rates can extend the critical period for ODP. 
These findings define the microcircuit changes initiating competitive 
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Figure 1 | L2/3 pyramidal neuron responsiveness and local circuit 
organization is unchanged 1 day after MD. a-—c, Responses of PYR neurons to 
drifting gratings in alert mice. a, Cartoon of head-fixed configuration. 

b, Example loose cell-attached recordings from controls (black) and after 1-day 
(1d) MD (red) in response to visual stimulation (grey shading). Scale bar, 1 mV, 
500 ms. c, Mean firing rate at optimal orientation (binocular (bi): 10 mice, 

n = 30 cells; ipsilateral (ipsi) control: 7 mice, n = 22 cells; ipsilateral MD: 


plasticity during critical periods of cortical development. Moreover, 
they show that the restoration of evoked firing rates of layer 2/3 
pyramidal neurons by PV-specific disinhibition is a key step in the 
progression of ODP. 

Throughout the neocortex, form and function of neural circuitry 
are shaped by experience'*”*. This sensitivity to experience is most 
pronounced during adolescence, and has been studied most exten- 
sively in the primary visual cortex’, in which occluding vision through 
one eye (monocular deprivation; MD) results in cortical blindness to 
this eye, even after normal vision is restored*!°"*. With the goal of 
identifying the initial changes in cortical function after MD we used 
loose cell-attached recordings to isolate visually evoked responses from 
single neurons in binocular visual cortex in alert mice (Fig. 1a). 

Unexpectedly, we found that visually evoked responses of excitatory 
pyramidal (PYR) neurons in layer (L)2/3 1 day after contralateral MD 
were roughly twice as strong as those in control mice. Evoked firing 
rates to stimulation through the ipsilateral eye, which had not been 
deprived, were approximately twofold higher than in controls (Fig. 1b, ¢; 
MD: 2.9 + 0.4 Hz, control: 1.5 + 0.4 Hz; one-way analysis of variance 
(ANOVA) P= 0.028, followed by post-hoc comparison, Tamhane 
corrected P value P = 0.046). Indeed, firing rates evoked by monocular 
viewing through the open eye after 1 day of MD were sufficiently increased 
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6 mice, n = 33 cells; contralateral (contra) control: 3 mice, n = 9 cells; 
contralateral MD: 3 mice, n = 10 cells). d, PYR neuron recorded in binocular 
V1 in an acute slice; overlaid are 16 X 16 LSPS stimulation locations spanning 
pia to white matter. Scale bar, 200 um. e, In vitro LSPS aggregate excitatory 
input maps pooled across PYR neurons. Triangles indicate soma location 
(control: 4 mice, n = 9 cells; MD: 4 mice, n = 9 cells). f, Mean LSPS-evoked 
EPSC amplitude, same cells as e. NS, not significant. *P < 0.05. 
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that they were indistinguishable from firing rates evoked during bino- 
cular viewing conditions in controls (Fig. 1b, c; binocular: 3.5 + 0.6 Hz; 
Tamhane corrected P value P = 0.834). A doubling in excitatory firing 
rates was also seen when we acutely reopened the deprived contra- 
lateral eye and recorded responses to visual stimulation while shutter- 
ing the ipsilateral eye (Fig. 1b, c; MD: 4.8 + 0.7 Hz, control: 2.4 + 0.4 Hz; 
Mann-Whitney U-test P = 0.02). Notably, neurons were not respon- 
sive to stimulation through the sutured contralateral eye in alert mice. 
These findings show that following an immediate drop in visually evoked 
firing rates after MD (because responses are now only driven through one 
eye), evoked firing rates of PYR neurons are restored as cortical respon- 
siveness to vision through the open eye increases. Thus, after 1 day of MD 
the firing rates of PYR neurons in L2/3 of the binocular visual cortex in 
alert mice that are viewing a scene with only one eye are roughly equi- 
valent to firing rates in normal mice viewing a scene with both eyes. 

The increased responsiveness of L2/3 PYR neurons may result from 
an increase of excitatory drive onto these neurons, enhanced intrinsic 
excitability, a reduction of inhibitory drive onto these cells, or any 
combination of these. To examine the possibility that excitatory drive 
onto L2/3 PYR neurons increases after MD, we assayed the connectiv- 
ity strength and laminar distribution of presynaptic excitatory inputs 
onto L2/3 PYR neurons in binocular cortex in acute brain slices using 
laser scanning photo stimulation (LSPS) via glutamate uncaging’’ 
(Fig. 1d-f and Supplementary Fig. 1). In control mice, maps of excita- 
tory laminar inputs to L2/3 PYR neurons were consistent with those 
shown in previously published studies’*"*, with most inputs from L4, 
L5a and L2/3 as well as some weak input from deeper layers (Fig. le, f). 
MD did not significantly alter the amplitudes of excitatory post- 
synaptic currents (EPSCs) resulting from stimulation of presynaptic 
neurons originating in any cortical layer (two-way ANOVA on ranks 
P= 0.756; Fig. le, f), indicating that excitatory inputs to L2/3 PYR neurons 
were not altered at this early stage of plasticity. Spatially restricted 
photostimulation activates between 50 and 100 neurons at each LSPS 
location”*, although most of these stimulated neurons are not connected 
to the neuron being recorded. Because of this, glutamate uncaging may 
also be used to measure aggregate excitatory synaptic input onto the 
target neuron by evaluating the number of EPSCs elicited per LSPS 
location; this measure was also not different between control and 1-day 
MD (Supplementary Fig. 1). Taken together, local circuit mapping data 
indicate that 1 day of MD does not significantly change the strength or 
number of excitatory inputs to L2/3 PYR neurons from any cortical 
layer. Consistent with a previous report’, we also did not find any 
evidence for a significant change in intrinsic excitability of the L2/3 
PYR neurons whose inputs we mapped (Supplementary Fig. 1g), nor 
did we find evidence for a change in resting membrane potential (control: 
—67.46+ 1.5mV, n= 8 cells from 3 animals; MD: —65.9 + 1.4mV, 
n=7 cells from 4 animals; Mann-Whitney U-test P = 0.73). 

A remaining possibility is that a decrease in local inhibition underlies 
the enhanced visual responsiveness of L2/3 PYR neurons we observe 


after MD. Fast-spiking, parvalbumin-positive basket inhibitory neurons, 
referred to as PV cells, are increasingly implicated in both critical- 
period and adult plasticity’’’. To measure the impact of 1-day MD 
on PV responses, we used in vivo two-photon imaging to target cell- 
attached recordings to PV cells expressing the red fluorescent protein 
tdTomato. Spike waveform analysis was used to verify the identity of 
recorded neurons (Fig. 2a); recordings were made in alert and urethane- 
anaesthetized mice. Notably, the effect of 1-day MD on evoked firing 
rates of PV cells was the opposite of what we found for PYR neurons: 
whereas PYR spike rates roughly doubled, PV spike rates were roughly 
reduced by half. In anaesthetized mice, responses to stimulation 
through the ipsilateral, open eye were reduced by 42% (Fig. 2b, c 
control: 16.2 + 2.0 Hz, MD: 9.5 + 0.9 Hz; two-way repeated measures 
ANOVA taking into account the pairwise relationship between ipsila- 
teral and contralateral eye responses recorded for the same cell, P = 0.002, 
followed by post-hoc comparison, Bonferroni-corrected P = 0.02), and 
responses to stimulation through the reopened deprived, contralateral 
eye were also reduced, in this case by 54% (control: 19.8 + 2.4 Hz, MD: 
9.2 + 0.9 Hz; Bonferroni-corrected P = 0.002). Similarly, in alert mice, 
PV responses to stimulation through the open eye dropped by 58% 
relative to controls after 1-day MD (control: 14.8 + 3.1 Hz, n = 10 cells 
from 8 animals; MD: 6.2 + 0.9 Hz, n = 10 cells from 7 animals; Mann-— 
Whitney U-test P = 0.001). These recordings show that MD induces a 
rapid and severe drop in PV cell firing rates. Importantly, this effect is 
present for both eyes: responses through either the open or formerly 
closed eye were reduced by roughly half. 

To identify the cause of this rapid, binocular reduction in visually 
evoked firing rates of PV cells, we again turned to recordings in acute 
brain slices to measure intrinsic excitability and to map the connectivity 
strength and laminar position of presynaptic excitatory inputs to PV 
cells. PV cells expressing tdTomato were visually targeted, their fast- 
spiking firing patterns were confirmed, and these cells were filled with 
biocytin for post-hoc morphological analysis. We found no evidence 
for altered intrinsic excitability as a function of current injection after 
MD (Supplementary Fig. 2), nor did we detect a change in resting mem- 
brane potential (control: —65.4 + 1.5 mV, n = 7 cells from 3 animals; 
MD: —64.1 + 0.74mV, n=7 cells from 4 animals; Mann-Whitney 
U-test P> 0.8). However, glutamate uncaging revealed an ~70% 
reduction in excitatory drive from cortical layers 4 and upper layer 5 
onto L2/3 PV cells after 1-day MD (Fig. 3). The frequency of evoked 
(Fig. 3b) and spontaneous (Fig. 3c, d) EPSCs were significantly reduced 
in PV cells after 1-day MD, whereas the amplitude of spontaneous 
EPSCs was unchanged (Fig. 3e), suggesting both a weakening and 
reduction of excitatory synaptic inputs onto PV cells occurring at these 
earliest stages of cortical plasticity. 

Notably, the rapid binocular reduction of PV firing rates after MD is 
transient. When MD was extended to 3 days, PV responses to stimula- 
tion of the deprived, contralateral eye (measured after acutely opening 
the sutured lids) remained as weak as they were after 1-day MD, but 


c 


Two-photon ye Control PV Control PV 
microscope __- 1d MD PV 
WN 20 
a 15 
1d MD PV o> 10 
£ 
ist emeemett ttle Fg 
I 


Figure 2 | L2/3 PV responsiveness to visual stimuli is reduced after 1-day 
MD. a, Cartoon of targeted recording in alert mice (left). Two-photon 
excitation (red beam) is used to visualize PV cells expressing tdTomato and 
recording pipette filled with Alexa dye (inset, 6 red PV cells; the pipette (green) 
is loose cell-attached to the PV cell in the centre of the image; scale bar, 20 um). 
Spike waveform is used to verify targeting of fast-spiking PV cells (black trace; 
grey trace is a PYR neuron waveform for comparison; scale bar, 0.5 mV, 1 ms). 
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Bottom, example PV response to visual stimulation (grey shading; scale bar, 

1 mV, 500 ms). b, Example PV responses evoked by stimulation through either 
eye in control (black) and 1-day MD (blue) anaesthetized mice. Scale bar, 1 mV, 
500 ms. c, Mean firing rate at optimal orientation (ipsilateral control: 14 mice, 
n= 26 cells; ipsilateral MD: 5 mice, n = 18 cells; contralateral control: 14 mice, 
n= 26 cells; contralateral MD: 5 mice, n = 18 cells). **P < 0.005. 
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Figure 3 | L2/3 PV local circuit organization is altered after 1-day MD. a, In 
vitro LSPS aggregate excitatory input maps pooled across PV cells. Circles 
indicate soma location (control: 4 mice, n = 7 cells; MD: 4 mice, n = 7 cells). 
Scale bar, 200 tum. b, Mean laminar LSPS-evoked EPSC amplitude, same cells as 


the strength of PV responses evoked by ipsilateral eye stimulation 
returned to normal (Supplementary Fig. 3). Thus, the rapid reduction 
in PV spike rates after 1-day MD is soon replaced by a restoration of 
normal PV responses to ipsilateral eye stimulation, which shifts PV 
ocular dominance towards the open eye. 

A key question emerging from these findings is whether the tran- 
sient binocular disinhibition following lid suture is necessary for subse- 
quent shifts in excitatory ocular dominance. If so, one prediction is that 
maintaining inhibition after MD will prevent excitatory plasticity. To 
examine this we enhanced inhibition by injecting the use-dependent 
GABA 4 (y-aminobutyric acid receptor-A) agonist diazepam into the 
ventricles of postnatal day (P)28 mice immediately after suturing the 
contralateral eye. Diazepam treatment effectively prevented the increase 
in ipsilateral eye excitatory firing rates seen after 1-day MD, but did not 
silence evoked activity (Supplementary Fig. 4a, b). 

Cortical ocular dominance also was assayed 3 days after MD by imag- 
ing visually evoked fluorescent changes in L2/3 neurons bulk loaded 
with the calcium indicator Oregon Green BAPTA-1. Mice were exposed. 
to 3 days of MD, and received intraventricular injections of either 
saline or diazepam for the first 2 days. Consistent with a role for disin- 
hibition in ODP, intraventricular diazepam, but not vehicle, prevented 
shifts in cortical ocularity after MD (Supplementary Fig. 4c-h). 
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a. **P < 0.007. c, Example spontaneous EPSCs (sEPSCs). Scale bar, 20 pA, 
100 ms. d, Mean sEPSC frequencies, same cells as a. *P < 0.05. e, Mean sEPSC 
amplitude, same cells as a. 


Because ODP is restricted to the critical period’, a second prediction 
is that MD will not alter PV firing rates when performed thereafter. 
Supporting this we found no significant changes in evoked PV firing 
rates in monocularly deprived adult mice (age P42-45) relative to age- 
matched controls (Supplementary Fig. 5). 

A third prediction is that ODP will be enhanced in older mice if PV 
spike rates are artificially reduced after MD. There is some precedent 
for this view'®. In order to manipulate PV spike rates in vivo, we expressed 
hM,D-inactivating G;-coupled DREADD receptors'”” selectively in 
PV cells. Binding of the ligand clozapine N-oxide (CNO) to hM,D 
receptors activates G-protein-coupled inwardly rectifying potassium 
channels, thereby reducing spike rates in target neurons for 9-12 h” 
(Supplementary Fig. 6). Three days of MD beginning at P35 does not 
normally shift cortical ocular dominance’. To determine whether a 
transient reduction in PV-mediated inhibition could reveal ODP in 
mice of this age, we tracked changes in cortical ocular dominance by 
imaging cortical responses to ipsilateral and contralateral eye stimula- 
tion longitudinally in mice expressing the genetically encoded calcium 
indicator GCaMP6 (ref. 24) in L2/3 of the binocular visual cortex. P35 
mice given two injections of CNO at 12-h intervals immediately after 
lid suture (1 day of reduced PV inhibition) showed significant decreases 
in cortical responsiveness to the deprived eye without any significant 
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Figure 4 | Reducing PV-specific inhibition restores ODP after the closure of 
the critical period. a, Left, In vivo image of GCaMP6 expression, cells outlined 
in yellow. Scale bar, 20 um. Right, individual images for cells labelled 1 and 2 of 
the average evoked fluorescence in response to visual stimuli presented 
independently to the contralateral and ipsilateral eye, before (pre) and 3 days 
after (3d) MD in a mouse expressing the hM,D DREADD receptor specifically 
in PV cells, treated with CNO. Scale bar, 5 um. b, Relative change in 
fluorescence before and after 3-day MD + CNO for cells 1 and 2 in panel a in 
response to visual stimulation (grey shading; 5-s duration). c, Log—log scatter 
plot of visually evoked fluorescence response for each cell (saline: n = 242 cells; 
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CNO: n = 327 cells). Note the significant leftward shift after 3-day MD in mice 
treated with CNO (2-way ANOVA interaction, P = 0.037), but not those 
treated with saline (2-way ANOVA interaction, P = 0.72), indicating a reduced 
response to contralateral eye stimulation after 3-day MD. d, Longitudinal 
‘optical field potential’ response (average value of all pixels in the entire imaging 
field, inclusive of neuropil) for the region in a. Note the decrease in response to 
contralateral eye stimulation after MD + CNO that is not seen for the ipsilateral 
eye. e, Mean ‘optical field potential’ response (saline: n = 4 mice; CNO: n = 4 
mice). *P < 0.05. 
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change in open, ipsilateral eye responses, whereas age-matched controls 
receiving similar injections of saline showed no changes in either mea- 
sure (Fig. 4). Thus, a 24-h period of diminished PV firing is sufficient to 
restore juvenile-like ODP after the closure of the critical period. 

The shift in ocular dominance after eye closure has been a long- 
standing paradigm for studying cortical plasticity. Mounting evidence 
implicates PV inhibitory neurons as regulators of this plasticity. How 
they do so, however, has remained incompletely understood. The data 
we present here define the role of PV cells in this process by showing 
that MD results in a rapid, but transient, reduction in PV-based inhibi- 
tion, which restores PYR firing rates to pre-deprivation levels. Without 
this restoration of normal excitatory firing rates, subsequent competi- 
tive plasticity will not occur. 

Our data and earlier papers examining the plasticity of the GABA 
population as a whole**”® or specifically PV cells”” report that inhibi- 
tory responses ultimately shift towards the open eye after MD. Further- 
more, there is a consensus that in non-deprived conditions, inhibitory 
cells are more binocular than excitatory cells in mice with normal 
GABA levels***’. However, our data differ considerably from earlier 
studies on two fundamental issues: (1) the rate and direction of PV cell 
plasticity; and (2) the role of PV cell plasticity in excitatory ODP. Speci- 
fically, the possibility that PV cells become transiently, and paradoxi- 
cally more responsive to deprived eye stimulation, thereby suppressing 
deprived-eye responses of excitatory neurons and shifting excitatory 
ocular dominance towards the open eye, was raised in a study that 
measured the ratio of the contralateral and ipsilateral eye responses in 
PV cells after brief MD’. In our measures of PV spike rates we did not 
find this paradoxical shift. Instead, we found that a rapid, transient and 
binocular reduction of fast-spiking inhibition permits, but does not 
instruct, synaptic competition among excitatory neurons. Our data 
redefine the role of fast-spiking inhibitory neurons as gating excitatory 
plasticity. It is the reduction of inhibition and the restoration of normal 
excitatory spike rates that permits competitive ODP to proceed on the 
basis of the relative strengths of the inputs of the two eyes. 

Distinct mechanisms govern the influence of sensory experience on 
cortical plasticity early in life, in the form of passive sensory exposure, 
and in adulthood, in the form of reinforced associative learning’**. The 
earliest stages of reinforced associative learning in primary sensory 
cortices appear to involve an active inhibition of PV inhibitory neurons 
via cholinergic activation of layer 1 interneurons'””. Notably, our results 
indicate that a similar strategy—a reduction in PV cell firing rates and 
disinhibition of upper layer excitatory neurons—is used during the 
initial stages of binocular plasticity in adolescence, although by a loss 
of excitatory drive onto the PV cells. Together, these observations indi- 
cate that pathways regulating cortical plasticity in the juvenile and 
adult cortex converge on a rapid reduction of PV cell activity. 


METHODS SUMMARY 


Allin vivo recordings were conducted in accordance with procedures approved by 
the University of California Los Angeles Office for Protection of Research Subjects 
and the Chancellor’s Animal Research Committee. For work using cortical slices, 
the Institutional Animal Care and Use Committee at the University of California, 
Irvine, approved all procedures. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 


Allin vivo recordings were conducted in accordance with procedures approved by 
the University of California Los Angeles Office for Protection of Research Subjects 
and the Chancellor's Animal Research Committee. For work using cortical slices, 
the Institutional Animal Care and Use Committee at the University of California, 
Irvine, approved all procedures. To genetically label PV neurons, PV-IRES-cre 
knock-in female mice (Jackson Laboratories, stock no. 008069, generated by S. Arbor, 
FMI) were crossed with male tdTomato reporter knock-in mice directly received 
from Jackson Laboratory (Jackson Laboratories, stock no. 007905, ‘Ai9’, generated 
by H. Zeng, Allen Brain Institute). All experimental mice were hemizygous for 
both transgenes (PV-Cre:Ai9). Homozygous PV-IRES-cre mice used for the above 
breeding were all from a F, cross of a male and female directly received from 
Jackson Laboratory. Mice (male and female) were randomly assigned to either 
control or MD treatment groups. Sample sizes were chosen using a target power of 
0.8. For cases in which analysis included a subjective component, analysis was done 
blind to experimental group as noted below. MD was performed under isoflurane/ 
oxygen anaesthesia (3% induction and 2% maintenance isoflurane), antibacterial 
ointment applied to eyes, lid margins trimmed and one mattress suture (silk 6-O) 
was used to bind the upper and lower lids. In the case of 1-day MD alert recording 
experiments, lid margins were not trimmed to facilitate reopening. Any mice 
showing signs of eye infection or lid separation were removed from the study. 
Electrophysiological recordings in alert mice. We followed the protocol outlined 
in ref. 30. To habituate mice to head restraint, mice were handled on the first day of 
training by repeatedly picking them up. On the second day, a metal bar later used to 
restrain the animal was fixed to the mouse’s skull using dental acrylic. After a 
minimum of 2 days recovery, mice were placed on a floating styrofoam ball, head 
fixed and allowed to run for two 10-min sessions with a 10-min break in between. 
This was repeated daily, without the 10-min break, until mice showed signs of 
controlled navigation, including smooth transitions between running, walking, 
grooming and balancing without motion. Typically 2 days of head restraint atop 
the spherical treadmill was sufficient. On the day of recording, a 2-mm diameter 
craniotomy was made directly over the binocular zone of the primary visual cortex. 
Craniotomy placement and in vivo electrophysiology were performed as detailed 
in ref. 31. Craniotomies were centred 3 mm lateral of the sagittal suture and 1 mm 
rostral of the lambdoid suture. All experimental animals contained neurons that 
were driven by both the ipsilateral and contralateral eye in the recording zone. We 
refer to all non-fast spiking neurons (narrow-width action potentials*) as excita- 
tory pyramidal neurons, although we do not rule out the possibility that up to 10% 
of the neurons are inhibitory neurons. Treadmill motion was monitored by measur- 
ing intensity changes in the reflectance of a red laser beam (Keyence Corporation, 
part no. LV-N11MN and LV-NH32) focused on the styrofoam ball. Electrophysio- 
logical signals were acquired in cell-attached configuration using a Multiclamp 
700B amplifier (Molecular Devices) in current-clamp mode, digitized (PCI-6229M, 
National Instruments) at a sample rate of 10 kHz and low-pass filtered at 6 kHz. 
This method of recording is ideally suited to measuring changes in firing rates because 
there is not an inherent sampling bias for more active neurons, a bias that is present 
in other techniques that depend on isolating single units from multiunit activity. 
Electrophysiological recordings in urethane anaesthetized mice. We followed 
the protocol outlined in ref. 31. 

Visual stimulation and analysis of in vivo electrophysiology. To measure evoked 
firing rate at the preferred orientation, full-field drifting square wave gratings were 
presented at full contrast at 6 orientations spaced 30° apart at two directions of 
motion (12 orientations), using custom software developed with Psychtoolbox in 
Matlab. A 40-cm-width LCD monitor was placed 25 cm directly in front of alert or 
urethane-anaesthetized mice*’, tangent to the animal’s gaze. Each stimulus was 
presented for 3 s, followed by a grey screen of equal duration. Stimulus orientations 
and direction were randomized. Varying spatial frequencies (0.02 and 0.04 cycles 
per degree) and temporal frequencies (1-2 Hz) were tested, and optimal stimu- 
lation was then shown for 4-9 trials. In awake recordings, periods of grooming and 
any periods >60 s in which there was no treadmill motion detected were excluded 
from further analysis. Evoked rates were computed as the spike rate for a given 
orientation, averaged across the 3-s stimulation window and across 4-9 trials, and 
were baseline-subtracted. Baseline was defined as the average spike rate in response 
to all grey screen presentations. Evoked rate at the preferred orientation is reported. 
To analyse spike shape, the first 50 spike waveforms were averaged for a given cell. 
The 10-90% rising and falling slope, and peak (P1) and nadir (P2) amplitudes were 
calculated from the average trace. 

Eye shuttering. Eye shuttering was accomplished by manually placing an occlud- 
ing device 5mm in front of the eye. The occluding device was constructed of 
flexible light-blocking material (1.2 x 1.5cm) mounted to a vertical post, 5mm 
in diameter, coupled to a magnetic base that was released and alternately placed in 
front of either eye as indicated by the interleaved trial schedule. 
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Visual cortical slice preparations. The littermates of double-transgenic mice 
(PV-Cre:Ai9, aged P28-P29) were used for either control or the treatment of 24-h 
MD. For each experimental day, a pair of the control and MD-treated animals was 
deeply anaesthetized using pentobarbital sodium (100 mg kg’ ', intraperitoneally), 
transcardially perfused with chilled oxygenated artificial cerebrospinal fluid (ACSF), 
rapidly decapitated and brain extracted. Coronal sections of 400 j1m were cut from 
primary visual cortex (V1) with a vibratome (VT1200S, Leica Systems) in sucrose 
containing ACSF (in mM: 85 NaCl, 75 sucrose, 2.5 KCl, 25 glucose, 1.25 NaHb, 
PO,, 4 MgCl, 0.5 CaCl, and 24 NaHCOs). For animals having undergone MD, 
sections were taken exclusively from the hemisphere contralateral to the deprived 
eye. Slices were incubated for at least 30 min in sucrose containing ACSF at 32 °C 
before being transferred into slice recording chambers with normal ACSF (in mM: 
126 NaCl, 2.5 KCI, 26 NaHCOs, 2 CaCls, 2 MgCl, 1.25 NaH2PO, and 10 glucose). 
Throughout the cutting, incubation and recording, the solutions were continu- 
ously supplied with 95% O2-5% COs. 

Electrophysiology and LSPS. Electrophysiological recordings and photostimula- 
tion were performed as in ref. 32. Whole-cell recordings were performed under a 
DIC/fluorescent Olympus microscope (BX51WI). Oxygenated ACSF at room 
temperature (25°C) was perfused into the slice recording chamber through a 
custom-designed flow system driven by pressurized 95% O,-5% CO, (3 PSI) at 
roughly 2 ml min '. Slices were examined under a 4X objective for proper targe- 
ting of either L2/3 pyramidal neurons or tdTomato-expressing PV-positive inter- 
neurons within binocular regions of mouse V1 using landmarks defined in ref. 33. 
To target whole-cell recordings, cells were visualized at high magnification (60x 
objective, 0.9 NA; LUMPlanFl/IR, Olympus). Cell bodies of recorded neurons 
were at least 50 ttm below the surface of the slice. Patch pipettes (4-6 MQ resist- 
ance) made of borosilicate glass were filled with an internal solution containing (in 
mM) 126 K-gluconate, 4 KCI, 10 HEPES, 4 ATP-Mg, 0.3 GTP-Na and 10 phos- 
phocreatine (pH 7.2, 300mOsm). Electrodes also contained 0.1% biocytin for 
post-hoc cell labelling and further morphological identification. Once stable whole- 
cell recordings were achieved with good access resistance (usually <20 MQ), basic 
electrophysiological properties were examined through hyperpolarizing and 
depolarizing current injections. Electrophysiological data were acquired with a 
Multiclamp 700B amplifier (Molecular Devices), data acquisition boards (models 
PCI MIO 16E-4 and 6713, National Instruments) and custom-modified version of 
Ephus software** (Ephus, available at https://openwikijanelia.org/). Data were 
digitized at 10 kHz. 

PV-positive inhibitory neurons were targeted on the basis of RFP expression 
and verified by fast-spiking patterns from current injections and large basket cell 
morphology. Excitatory neurons were selected on the basis of their pyramidal somata 
detected under DIC, were RFP negative and showed adapting spiking patterns to 
suprathreshold intrasomatic current injections. Final cell type classification was 
determined by the combined characterization of RFP expression, electrophysio- 
logical and morphological properties of the recorded cells. 

The LSPS procedures were similar to those described in refs 13 and 35. LSPS was 
performed through a 4 objective lens. Stock solution of MNI-caged-L-glutamate 
(Tocris Bioscience) was added to 20 ml ACSF for a concentration of 0.2 mM caged 
glutamate. The cortical slice image, acquired through the 4X objective, was visua- 
lized using a high-resolution digital CCD camera, and this image, in turn, was used 
to guide and register photostimulation sites. Two-millisecond duration, 20-mW 
pulses from a 350nm UV laser (DPSS Lasers) were delivered to the sample, 
controlled via an electro-optical modulator and a mechanical shutter. Focal laser 
spots approximated a Gaussian profile with a lateral width of 100 um. Under our 
experimental conditions, LSPS-evoked action potentials were recorded from 
stimulation locations within 124m (96 + 28 um, n= 12) of targeted somata 
and occurred within 150 ms after photostimulation. Synaptic currents in patched 
neurons were detected under voltage clamp. By systematically surveying synaptic 
inputs from hundreds of different sites across a large cortical region, aggregate 
synaptic input maps were generated for individual neurons. For our mapping 
experiments, a standard stimulus grid (16 X 16 stimulation sites, 65 uum? spacing) 
was used to tessellate V1 from pia to white matter. The LSPS site spacing was 
empirically determined to capture the smallest predicted distance in which photo- 
stimulation differentially activates adjacent neurons. Glutamate uncaging was deli- 
vered sequentially in a nonraster, nonrandom sequence, following a ‘shifting-X’ 
pattern designed to avoid revisiting the vicinity of recently stimulated sites”. 

Because glutamate uncaging activates both excitatory and inhibitory neurons, 
we empirically determined the excitatory and inhibitory reversal potentials in L2/3 
pyramidal cells to properly isolate EPSCs and IPSCs. In a subset of experiments, 
L2/3 neurons were voltage clamped at a range of holding potentials from —90 mV 
to 5mV, and GABA uncaging (0.1 mM, Invitrogen) was performed by delivering 
brief ultraviolet flashes (1 ms, 20 mW) to the perisomatic regions of targeted cells 
to determine the GABAergic reversal potential on the basis of voltage-current 
relationships. The average GABAergic reversal potential ranged from —69 mV to 
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—71mV, and we therefore voltage clamped the targeted pyramidal cells at 
—70 mV to determine LSPS and spontaneously evoked EPSCs. 

Laminar circuit input analysis. Photostimulation induces two forms of excita- 
tory responses: (1) those that result from direct activation of the recorded neuron’s 
glutamate receptors; and (2) synaptically mediated responses (EPSCs) resulting 
from the suprathreshold activation of presynaptic excitatory neurons. Responses 
that occur within 10 ms of laser pulse onset were considered direct; these responses 
exhibited a distinct shape and occurred immediately after glutamate uncaging. 
Synaptic currents with such short latencies are not possible because they would 
have to occur before the generation of action potentials in photostimulated neu- 
rons. Therefore, direct responses need to be excluded from local synaptic input 
analysis. To check for any systematic differences across treatment conditions, the 
spatial extent and frequency of action potentials elicited in response to direct 
stimulation was determined in a subset of the experiments by performing whole- 
cell recordings in current-clamp mode using an 8 X 8 mapping grid. Direct stimu- 
lation was found to be similar for control and MD; direct responses were restricted 
to within approximately 100 1m of the recorded soma (control: 86 + 22 um, n = 7 
cells; MD: 106 = 34m, n=5 cells) and were limited to less than 1.5 action 
potentials averaged across trials (control: 1 + 0, n = 7 cells; MD: 1.2+0.2n=5 
cells). At some locations, synaptic responses were over-riding on relatively small 
direct responses (see Supplementary Fig. 1d); such responses were identified and 
included in synaptic input analysis. 

For data map analysis, we implemented the approach for detection and extrac- 
tion of photostimulation-evoked postsynaptic current responses described in ref. 37. 
LSPS-evoked EPSCs were quantified across the 16 X 16 mapping grid for each 
cell, and 2 to 4 individual maps were averaged per recorded cell, reducing the likeli- 
hood of incorporating noise events in the analysis window (150 ms). Averaged 
maps were then analysed using the 4% DIC image to bin responses according to 
laminar cytoarchitectonic landmarks. Synaptic events were binned from locations 
spanning +195 jm tangential to the targeted soma location and from the top of 
layer 2/3 to the bottom of layer 6 across the radial vector. Data were plotted as 
either the average integrated EPSCs amplitude per pixel location or the number of 
EPSCs detected per pixel location. 

Morphological examination and cell-type Identification. The morphology of 
each recorded neuron was determined using post-hoc staining. In brief, brain 
slices were fixed in 4% paraformaldehyde and transferred to 30% sucrose solution 
in PBS. Neurons filled with biocytin during recordings were labelled with Alexa 
Fluor 488-conjugated streptavidin (1:500 dilution; Jackson ImmunoResearch). 
Slices were also stained for 4'-6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich) 
to identify laminar boundaries. Cell morphology, DAPI labelling and RFP expres- 
sion were visualized using an Olympus BX 61 epifluorescent microscope and Meta- 
Morph imaging suite (Molecular Devices). 

Calcium imaging using Oregon Green BAPTA-1. Mice were anaesthetized with 
urethane and core body temperature was maintained using a closed loop heated 
plate and a rectal temperature sensor. Neurons in L2/3 of the primary visual cortex 
were bulk labelled with the calcium indicator Oregon Green BAPTA-1 (OGB), and 
changes in fluorescence intensity were imaged as described in refs 38 and 39. Dye 
was injected at 2-3 positions to ensure labelling within the binocular region. Three 
days before calcium imaging, mice were randomly assigned to one of three groups: 
control, MD or MD plus diazepam (pharmaceutical grade; Hospira) treatment. 
Intraventricular injections (1.5 pl volume) of either vehicle (50% propylene glycol/ 
50% saline) or diazepam (2 mg ml ' in 50% propylene glycol) were performed in 
isoflurane/oxygen-anaesthetized mice (3% induction, 1-2% maintenance) using a 
Hamilton needle (30 gauge) and syringe (5 pl capacity) mounted to a manipulator 
(MP285, Sutter). The injection depth was 2.25 mm; entry site was 0.5 mm lateral 
from midline and immediately anterior of bregma (primary motor cortex). Two 
injections were made, the initial injection was made at the time of MD on the same 
side as the MD, and the second injection was made on the other hemisphere 24- 
28h after the initial injection. Coordinates were verified before the experiment in 
three test animals by injecting 1,1'-dioctadecyl-3,3,3’,3’-tetramethylindocarbo- 
cyanine percholate (Dil; 0.5 pil) and perfusing mice 1 day later. Brains were then 
sectioned, slices were visualized under epifluorescence and it was determined that 
Dil was specifically localized to ventricles using the above coordinates. 
Expression of GCaMP6 and hM,D DREADD receptors. PV-Cre mice were ana- 
esthetized with isoflurane and core body temperature maintained as above. The 
scalp was retracted and a small burr hole was drilled over the left occipital pole 
overlying the binocular zone of primary visual cortex. GCaMP6 (ref. 24; UPenn 
Vector Core: AAV-1-PV2824; generously supplied by the GENIE Project, Janelia 
Farm Research Campus, Howard Hughes Medical Institute) and Cre-dependent 
hM,D DREADD receptors'?”**° (UNC Vector Core: AAV-hSyn-DIO-hM,D(G,)- 
mCherry) were expressed in cortical neurons using adeno-associated virus (AAV). 
Notably, hM,D receptors were only expressed in PV-Cre cells. AAV-GCaMP6 
and AAV-hM,D were mixed at a 1:1 ratio (injected concentration 2.5 X 101! 


genome copies per ml) and loaded into a glass micropipette. The pipette was 
slowly inserted into the cortex and five injections were made, one each at 350, 
300, 250, 200 and 150 jm below the pial surface along a single injection tract. AAV 
was pressure injected at each site using a PicoSpritzer: 30 puffs at 10 pounds per 
square inch and 10-ms duration was used at each site. Total volume injected across 
all five sites was roughly 0.5 pl. The scalp was then sutured shut over the burr hole 
and the mouse was left for 2 weeks to enable high GCaMP6 and hM,D expression. 
Thereafter, a craniotomy was performed to expose a 2.5-mm-diameter region of 
the brain centred on binocular visual cortex, and the craniotomy was sealed with a 
no. 1 coverglass as described previously*’. 

Visual stimulation and data acquisition. To evoke responses in labelled neurons, 
visual stimuli were presented based on the methods of ref. 42. Neural responses to 
stimulation of either eye were assessed using full-field drifting square wave grat- 
ings presented at full contrast at six orientations spaced 30° apart at two directions 
of motion (12 orientations, temporal frequency of 2 Hz, 0.04 cycles per degree) 
every 11s for a duration of 5s preceded by a grey screen for a duration of 6s. 
During the stimulation time, randomly chosen grating orientations changed every 
0.4s. Four stimulus repetitions were presented and interleaved between eye stimu- 
lation. Image sequences (256 X 256 pixels, covering a field of view of 130 130 
jum) were acquired at 2.05 Hz at a depth of 180-300 pum below the pia surface using 
ScanImage software’’. Fields of view that contained no or unevenly distributed 
responses to ipsilateral eye stimulation, an indication that the imaged position was 
outside or at the border of the binocular zone, were excluded from further analysis. 
Neurons were distinguished from astrocytes using sulforhodamine coinjection™. 
During OGB and GCaMP6 imaging, red (semrock filter: 583/22) and green (semrock 
filter: 510/84) emissions were separated (semrock dichroic: FF568) and detected 
simultaneously using two photomultiplier tubes (PMTs; Hamamatsu R3896). 
OGB was excited at wavelength of 870nm. GCaMP6 was excited at 940 nm. 
When imaging OGB, PV interneurons were subsequently identified and excluded 
from analysis by switching the excitation wavelength to 960 nm. When imaging 
GCaMP6, PV interneurons were identified by their emission in the red channel. 
To facilitate defining the stimulus onset for each cell, output from a photodiode 
affixed to the presentation monitor was digitized simultaneously with the output 
from the PMTs. 

For GCaMP6/hM,D-expressing mice, images of cell responses to visual stimu- 
lation were first obtained on P35. Immediately thereafter the lid margins to the 
contralateral eye were sutured shut for 3 days. During the first day of lid suture 
mice either received two intraperitoneal injections, spaced 12h apart of either 
saline or CNO (5 mgkg’ * dissolved in 0.9% sterile saline). On P38, the lid margins 
were reopened and cortical responses to visual stimulation through both the ipsi- 
lateral and contralateral eyes were assessed. Distributions of ipsilateral and contra- 
lateral response strength after MD in both conditions were compared to those 
obtained from baseline images. 

Data analysis. A semiautomatic custom-written routine (Matlab) was used to 
identify the outlines of individual OGB-loaded cells**. In brief, an average image 
was generated from the acquired time series and the x,y spatial position of a given 
cell was seeded by the user, blind to experimental condition. The spatial location of 
the cell border was then calculated based on identifying a contiguous region having 
a > 1.1-fold intensity above the local average. Local average and maximum cell size 
was bounded by a square area R X R centred on the user defined seed pixel, where 
R= 251m. For GCaMP6 imaging, where labelled neurons have a donut appear- 
ance, we used a separate method for segmenting neurons. In brief, after manual 
selection of the cells to be studied, a deformable snake was used to track their indi- 
vidual boundaries*’, along with morphological dilation*® to define the region of 
interest for each cell. For both OGB and GCaMP6 images, the pixels within each 
cell’s region of interest were averaged to generate a single time course of fluore- 
scent intensity for each individual cell. Response amplitude was computed from 
8-12 stimulus repetitions as the first 5 frames immediately following the frame of 
stimulus onset divided by the average of the 6 frames preceding stimulus onset. 
The frame of stimulus onset was defined independently for each cell. Cells were 
considered responsive if the calcium transients to any of the orientation stimuli 
were significantly different from the baseline (ANOVA at P<0.01). An ocular 
dominance score was calculated for all responsive cells (excluding identified PV 
interneurons and astrocytes) as 1 minus the ratio of the ipsilateral eye response divided 
by the summed response of both eyes. For each animal, a histogram of ocular domi- 
nance scores was generated and the contralateral bias index was calculated as in ref. 9, 
using the following formula: ((1—n7)+ (2/3)(n2—ng) +(1/3)(n3— Ns) +N)/(2N), 
in which N = total number of responsive cells and n,, is the number of cells with 
ocular dominance scores equal to x. 

Statistical analyses and bar graphs. All data are reported as mean + standard 
error of the mean (s.e.m.). When comparing two independent groups, normally 
distributed data were analysed using a Student’s f-test, in the case data were not 
normally distributed a Mann-Whitney U-test was used. In the case more than 
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two groups were compared and data were normally distributed, an ANOVA was 
performed as indicated in main text and followed by post-hoc comparisons when 
justified (alpha set to 0.05). Post-hoc P values were corrected for multiple com- 
parisons as indicated. Bonferroni correction was used unless data had unequal 
variances (assessed by the Levene statistic), in that case Tamhane correction was 
used. In all cases, sample size n was defined as cell number, except in the case of 
comparing the contralateral bias index across treatments and GCaMP6 ‘optical 
field potential’, where was defined as animal number. 
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The BC component of ABC toxins is an 
RHS-repeat-containing protein encapsulation device 


Jason N. Busby’, Santosh Panjikar”*, Michael J. Landsberg*, Mark R. H. Hurst® & J. Shaun Lott! 


The ABC toxin complexes produced by certain bacteria are of inter- 
est owing to their potent insecticidal activity’” and potential role in 
human disease’. These complexes comprise at least three proteins 
(A, B and C), which must assemble to be fully toxic’. The carboxy- 
terminal region of the C protein is the main cytotoxic component’, 
and is poorly conserved between different toxin complexes. A gene- 
ral model of action has been proposed, in which the toxin complex 
binds to the cell surface via the A protein, is endocytosed, and sub- 
sequently forms a pH-triggered channel, allowing the translocation 
of C into the cytoplasm, where it can cause cytoskeletal disruption 
in both insect and mammalian cells’. Toxin complexes have been 
visualized using single-particle electron microscopy®”, but no high- 
resolution structures of the components are available, and the role 
of the B protein in the mechanism of toxicity remains unknown. 
Here we report the three-dimensional structure of the complex 
formed between the B and C proteins, determined to 2.5 A by X-ray 
crystallography. These proteins assemble to form an unprecedented, 
large hollow structure that encapsulates and sequesters the cytotoxic, 
C-terminal region of the C protein like the shell of an egg. The shell is 
decorated on one end by a f-propeller domain, which mediates 
attachment of the B-C heterodimer to the A protein in the native 
complex. The structure reveals how C auto-proteolyses when folded 
in complex with B. The C protein is the first example, to our know- 
ledge, of a structure that contains rearrangement hotspot (RHS) 
repeats®, and illustrates a marked structural architecture that is pro- 
bably conserved across both this widely distributed bacterial protein 
family and the related eukaryotic tyrosine-aspartate (YD)-repeat- 
containing protein family, which includes the teneurins’. The struc- 
ture provides the first clues about the function of these protein 
repeat families, and suggests a generic mechanism for protein encap- 
sulation and delivery. 

ABC toxins were first identified, and have been best characterized, 
in the bacterium Photorhabdus luminescens'. However, the entomo- 
pathogenic bacterium Yersinia entomophaga contains a related toxin 
complex locus that includes an A component encoded by two open- 
reading frames (ORFs) (yenA1 and yenA2), a single B gene (yenB) and 
two C genes (yenC1 and yenC2)’°, the products of which associate 
independently with the A and B proteins, giving rise to two toxin 
complexes from one genetic locus. The C proteins of this and other 
ABC toxin complexes are similar to the ‘polymorphic toxins’ described 
previously" as they have a conserved RHS-repeat-containing amino- 
terminal region and a variable C-terminal region'®. The C-terminal 
regions (CTRs) of the Y. entomophaga C proteins are predicted to have 
different toxic activities: the C1°™ is homologous to cytotoxic necro- 
tising factor 1 (CNF1) from Escherichia coli'*, whereas the C2" 4s 
homologous to the deaminase YwqJ from Bacillus subtilis’. As in 
related complexes’, when the B subunit is co-expressed with either 
of the C subunits, C is cleaved at the boundary between the conserved 
N-terminal region and the variable C-terminal region, and both pro- 
teolysed fragments remain tightly associated with B. 


To understand the role of B proteins in toxin complex activity, we 
prepared the complex of the Y. entomophaga B subunit (167 kilodaltons 
(kDa)) with the conserved 76-kDa N-terminal region (NTR) of the C2 
subunit (CN'®; see Methods for details of complex preparation) and 
determined its structure using X-ray crystallography (Supplementary 
Table 1). The structure reveals that the B and C\"™ proteins fold coop- 
eratively, assembling a remarkable, intimately associated heterodimer 
that forms a large, hollow shell (Fig. la—c). An immediately notable 
feature is the single, long B-sheet, consisting of 76 B-strands derived 
from both proteins, that constitutes most of the shell structure. The shell 
is completed by 14 B-strands from a second f-sheet contributed by the 
CNS bringing the total number of B-strands that wrap around whatisa 
substantial central cavity to 90 (Fig. 1b, c and Supplementary Fig. 1). 
The C terminus of the B protein is in close proximity to the N termi- 
nus of the C protein (Supplementary Fig. 2), suggesting that the two 
proteins could be produced asa single polypeptide. Evidence in support 
of this can be found in the bacterium Burkholderia rhizoxinica, in which 
a single ORF (tcdB2) encodes an apparent B-C fusion protein (Sup- 
plementary Fig. 3). 

The central cavity is a solvent-accessible space approximately 42 A 
wide and 87 A long, with a total enclosed volume of roughly 59,000 A°. 
The shell is closed at both ends. The B end is occluded by a B-propeller 
domain inserted into the loop between strands B29 and B51. The C end 
is sealed by a conserved sequence defined as the “RHS repeat-associated 
core domain’ (TIGRFAM accession TIGR03696), which forms another 
short strip of B-sheet (strands 845-849) that spirals inwards, forming a 
plug. The overall shape of the complex is reminiscent of a cylindrical 
cannister, inside of which lies the C-terminal end of CNT? (that is, the 
cleavage site between the two portions of C). It therefore seems likely 
that in the complete B~C complex, the C°"® is encapsulated within the 
shell. This proposal is supported by small-angle X-ray scattering data, 
which are consistent with a hollow spheroid for the B-C''® complex, 
but with a solid spheroid for the complete B—C complex (Supplemen- 
tary Figs 4-6 and Supplementary Tables 2-5). This explains how the 
CTRs of C proteins remain tightly associated with the complex after 
auto-proteolysis, despite the absence of any covalent linkage between 
the proteins. In broader terms, it also explains how generally cytotoxic 
proteins encoded by the CTRs of C proteins, such as deaminases and 
proteases, can be safely expressed without causing damage to the pro- 
ducing cell. A plausible explanation supported by this structure would 
be that the toxic load remains sequestered until exposure to a change in 
pH triggers its release* (Fig. 2a). 

The amino acids immediately preceding the cleavage site in C are 
clearly visible in the electron density, allowing us to suggest a mech- 
anism of auto-proteolysis. We propose that two conserved aspartate 
residues (Asp 663 and Asp 686), positioned either side of the last residue 
before cleavage (Met 690), form the catalytic site for proteolysis (Fig. 2b). 
In our structure, they are too far apart (6.5 A between carboxyl oxygens) 
to form the canonical aspartic protease arrangement, but these residues 
may adopt a slightly different conformation in the pre-cleavage state. To 
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Figure 1 | Structure of the B- complex. a, Side view of the B—C 
complex. The B-propeller domain of B is coloured red, the conserved SpvB 
sequence is purple, and the rest of B is green. CN" is coloured blue and the 
conserved RHS-associated core domain is cyan. b, Schematic showing how the 


test their role, we made point mutations that replaced them with 
asparagines (Asp663Asn and Asp686Asn). Mutation of either residue, 
or of the highly conserved arginine residue (Arg 650) that is adjacent to 
Asp 663, completely abolished auto-proteolytic activity (Fig. 2c). These 
residues are highly conserved in the RHS repeat-associated core 
domain sequence (InterPro IPR022385; Supplementary Fig. 7) that 
is also present in all other known C proteins, including those from 
P. luminescens. Our structure shows that this domain, which is widely 
distributed across the archaea, bacteria and eukaryota™, is a cryptic 
aspartic protease. 

RHS repeats themselves (Pfam PF05593) are present in many poly- 
morphic toxin complexes that are found across a diverse range of bac- 
terial species, but they are structurally uncharacterized. The structure of 


<q coTr 


Figure 2 | Auto-proteolysis of the C protein. a, The effect of pH on the B~-C 
complex. C°™® dissociates from the complex and precipitates when dialysed 
against buffer at pH 4.5, but not at pH_7.5 (control). b, The site of auto- 
proteolysis in C. Residues immediately upstream of the cleavage point are 
coloured blue, surrounding residues are coloured grey. The distance between 
two proteolytically essential residues, Asp 686 and Asp 663, is shown in red. 
The side chain of Asp 663 is within hydrogen-bonding distance of the terminal 
carboxyl group of the cleaved peptide (distances shown in green). The amino 
acid immediately preceding the cleavage site, Met 690, is indicated. c, The effect 
of point mutations on C auto-proteolysis. Mutation of any one of the three 
highly conserved charged residues in the RHS-associated core domain 

(Arg 650, Asp 663 and Asp 686) eliminates proteolytic activity. 
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shell is made from a continuous strip of B-sheet, wrapping around a central 
cavity. c, A slice through the complex, with the molecular surface rendered to 
show the central cavity. The approximate interior and exterior dimensions are 
marked. 


the CNT® represents the first example, to our knowledge, of a protein 
structure containing RHS repeats. Individual RHS-repeat-containing 
proteins can vary in size, and whereas the overall sequence conservation 
across the family is low, a consensus sequence for the RHS repeat itself 
has previously been defined: GKXXRYXYDXXGRL(I/T)"*. When this 
is mapped onto the structure of CN'™ (Fig. 3 and Supplementary Fig. 8), 
it is clear that each RHS repeat corresponds to a single strand-turn-— 
strand motif, many copies of which make up the extended [-sheet of the 
shell. Although the initial glycine is not especially well conserved, it 
marks the loop facing the C end of the shell. The central DXXGR motif 
(coloured green and blue in Fig. 3) creates the hairpin facing the B end, 
with the aspartic acid hydrogen-bonding to the backbone amides of 
the glycine and adjacent arginine. This glycine is largely conserved, but 
the aspartic acid can be replaced by a glutamic acid, threonine or serine 
residue, and typically the interactions formed remain the same. The YXY 
motif (coloured magenta in Fig. 3) places the two tyrosine side chains 
inside the shell where they sit parallel to each other. Hydrophobic amino 
acids at the C-terminal end of the repeat (coloured yellow in Fig. 3) also 
lie inside the shell on alternating B-strands. Together with the tyrosines, 
they form a continuous stripe along the internal face of the B-sheet that is 
largely hydrophobic in character. 

The RHS structural motif is also present in the structure of the B 
subunit, albeit with less sequence conservation than that found in the 
CN'® The B sequence contains more insertions and extensions within 


RHS consensus: GXXXRYXYDXXGRL(I/T) 


Figure 3 | RHS repeat structure. A section of the shell showing the pattern of 
RHS repeats, viewed from inside the central cavity. A single RHS repeat is 
highlighted in beige. The hairpin turn made by the DXXGR motif is coloured 
green and blue, and the conserved pattern of hydrophobic residues on the 
inside face of the B-sheet is coloured magenta (conserved tyrosines) and yellow 
(other hydrophobic residues). 
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the RHS repeats than the C sequence, which makes identifying the RHS 
pattern difficult by sequence conservation alone. However, inspection 
of the structure reveals many examples of DXXG turns, as well as 
tyrosine or phenylalanine side chains arranged in an equivalent fash- 
ion. Using this structural conservation as a guide, we were able to 
produce a refined consensus sequence for the RHS repeat (Supplemen- 
tary Fig. 9a) and show that the pattern of conservation is identical 
to that seen in YD repeats (TIGRFAM TIGRO1643; Supplementary 
Fig. 9b). YD repeats are found in many bacterial and eukaryotic proteins, 
notably in the extracellular domains of teneurin proteins, which are 
developmental signalling proteins conserved from flies to mammals 
and required for synaptic partner matching’*’”. We propose that RHS 
and YD repeats represent the same conserved structural motif that will 
always give rise to an extended B-sheet, forming a similar shell struc- 
ture to that seen here. Support for this proposal can be found in previ- 
ous low-resolution electron microscopy images of the extracellular 
domains of mouse teneurin, which revealed globular domains of similar 
dimensions to the B-CN"® complex!®. We predict that the YD-repeat- 
containing domains of eukaryotic teneurins will encapsulate their 
C-terminal regions, the teneurin C-terminal associated peptides 
(TCAPs), which are known to be active extracellular signalling compo- 
nents in mice’’”®, 

Previous visualization of complete ABC toxin complexes from 
Y. entomophaga® and P. luminescens’ using electron microscopy single- 
particle analysis has shown that the B—C complex sits in the vestibule of 
the channel-forming domain of A, positioned at the end of the toxin 
complex furthest from the membrane. The overall shape of the B-CN"® 
dimer described here is consistent with the density seen in these studies®”’, 
and cross-correlation of the B-C’® crystal structure with averaged 
electron microscopy projections of the Y. entomophaga toxin complex 
(Yen-Tc) unambiguously identified the five-bladed B-propeller domain 
of Bas the point of interaction with the A pentamer (Fig. 4a). In Yen-Tc, 
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Figure 4 | Position of the B- complex in the complete Yen-Tc particle. 
a, Averaged projection images obtained by negative stain electron microscopy 
reveal the structural conformation of the B—C complex in the context of the 
Yen-Tc particle. Particle projection images of Yen-Tc were aligned (left-hand 
box) and then masked using the region of the particle delineated by the dashed 
box. Class averages of the B-C complex were obtained following a further phase 
of classification and alignment. A representative class average is shown (right- 
hand box) cross-correlated with the B-CNT® crystal structure, the latter shown 
as a ribbon diagram with the same colour scheme as Fig. 1a. b, c, Orthogonal 
views of the complete Yen-Tc particle. The associated chitinases Chil (ref. 21) 
and Chi2 (Protein Data Bank (PDB) accession 4DWS) are shown as orange and 
yellow ribbon diagrams, respectively. The electron microscopy map of the 
A-Chil-Chi2 complex determined at a resolution of 17 A by single particle 
analysis® is shown in grey. 
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in which the A component is encoded by two separate ORFs, this 
represents an interaction with YenA2. This enables us to model a com- 
plete ABC toxin complex for the first time (Fig. 4b, c), to our knowledge, 
by docking the B-CN"® complex and both associated chitinase enzymes”, 
Chil and Chi2, into the previously determined 17 A electron microscopy 
structure of the Y. entomophaga A pentamer’. 

A recent electron microscopy study on the P. luminescens ABC toxin 
complex’ has revealed the first insights into the mechanism by which 
toxin complexes alter their structure after interaction with lipid bilayers, 
allowing for injection of their toxic load through the endosomal mem- 
brane. We therefore propose a general model for the mechanism of 
ABC toxin complexes, on the basis of work described previously’ and 
presented here, in which the C-terminal region of C is translocated 
through a transmembrane pore formed by A, whereas the B and 
CN™® proteins remain attached to the toxin complex (Supplementary 
Fig. 10). It remains unclear whether the cytotoxic C“'™ is encapsulated 
in a folded or unfolded state within the B-CN™® shell, but the central 
cavity is large enough to contain it when folded (Supplementary Fig. 11). 
The overall architecture of the B-CN™ shell, with its conserved RHS 
repeats producing an interior hydrophobic pattern of tyrosine, leucine 
and isoleucine residues, is reminiscent of the protein chaperone GroEL™. 
It is therefore tempting to speculate that the function of the B-C shell, 
and of RHS- and YD-repeat proteins more generally, may be to encap- 
sulate unfolded proteins. There is support for this idea in the observation 
that many polymorphic toxins have predicted proteases as their toxic 
components, which would need to be contained in an inactive state to 
prevent proteolysis of the shell itself’. As the pore formed by the A 
subunit has not yet been visualized in an active conformation, it remains 
unknown whether the translocating conformation of the toxin contains 
an open pore wide enough to allow the passage of the folded protein. 

Whether it is folded or not, release of the encapsulated C°'™ from the 
B-CNTR shell requires a conformational change in the latter, as there are 
no gaps in the structure large enough for a polypeptide to pass though. 
Inspection of the structure suggests that two possibilities exist: the 
B-propeller blades could separate, allowing extrusion of an unfolded 
polypeptide through the middle of the propeller, or the propeller 
domain could swing aside, hinged on the 829/830 and 650/51 loops 
that form the only covalent connections between the B-propeller and 
the main body of the shell. Either mechanism is likely to be dependent 
on both the pH-driven release mentioned previously (Fig. 2a) and 
mechanical interactions with the A component of the toxin. Further 
studies are required to establish the full details of the toxin release 
process. 

In summary, the structure of the B complex presented here 
reveals how the cytotoxic C proteins of ABC-type toxin complexes are 
processed and protected, demonstrates the function of the B protein 
within the complex and provides a framework for further experiments 
to build a complete mechanistic model of action for this class of toxins. 
More broadly, it also illuminates the function of the widely distributed 
RHS- and YD-repeat families of proteins, which had until now been 
unknown. 
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METHODS SUMMARY 


The B-CN® protein complex was obtained by co-expression of the Y. entomo- 
phaga B and C2 subunits in E. coli, followed by Ni-affinity and size-exclusion 
chromatography and finally dialysis of B-C2 against acetate buffer at pH 4.5. 
B-CNT® was separated from the precipitated C2°'® fragment by filtration and 
further size-exclusion chromatography. Crystallization of B-CN™ was carried out 
by hanging-drop vapour diffusion with microseeding in drops containing 18% 
(w/v) PEG 3350, 0.15 M KH,PO,, pH 4.8. X-ray diffraction data were collected to a 
resolution of 2.5A at beamline MX2 at the Australian Synchrotron using the 
Bluelce data collection software”, integrated using XDS™ and scaled and merged 
using Aimless*. Phasing was accomplished using SAD from a combination of 
TagBr,>-soaked and selenomethionine-substituted crystals”. Structure refine- 
ment and analysis was performed using Phenix™. Electron microscopy of negatively 


stained Yen-Tc complexes is described elsewhere®. Diagrams were produced using 


26 SEPTEMBER 2013 | VOL 501 | NATURE | 549 


©2013 Macmillan Publishers Limited. All rights reserved 


LETTER 


PyMOL (The PyMOL Molecular Graphics System, version 1.3rl, Schrédinger, LLC) 
and Chimera”. Other procedures are described in full in the Methods. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 


CT dissociates at low pH. When B and either C1 or C2 were co-expressed in 
E. coli, C1 and C2 auto-proteolysed into two fragments. In both cases, although all 
three protein fragments co-eluted as a single complex when purified by size- 
exclusion chromatography (SEC), we were unable to crystallize the purified com- 
plexes. As the current model for toxin complex cell entry involves exposure to low 
PH in the acidified endosome’, we tested the behaviour of the B-C1 and B-C2 
complexes under a range of pH conditions from 4.5 to 9.5. At low pH (4.5-5.0), the 
complexes began to precipitate, with the C-terminal regions of the C proteins 
showing differential precipitation, allowing purification of complexes containing 
just B and the N-terminal portions of C. The complex used in the subsequent 
experiments described in this paper was prepared by co-expression of B and C2 
initially, but for simplicity is referred to as B-CN™™ throughout, as the N-terminal 
regions of Cl and C2 share a high degree of sequence conservation and their 
overall structures are expected to be similarly well conserved. 

Purification and crystallization. Selenomethionine-substituted protein was pro- 
duced by expression of B-C2 in lysogeny broth (LB) medium supplemented with 
selenomethionine, and was purified in a similar way to the native protein. The 
complex was purified by immobilized metal affinity chromatography (IMAC), 
polyhistidine tag cleavage, subtractive IMAC and SEC. The C2°'® was removed 
by dialysis against acetate buffer at pH 4.5, filtration and SEC. The remaining 
B-CN?¥ complex was then dialysed against the original buffer at pH 7.5. Crystal- 
lization was carried out by hanging-drop vapour diffusion with microseeding in 
drops containing 18% (w/v) PEG 3,350, 0.15 M KH2PO,, pH 4.8. TagBrj2 deriva- 
tization was carried out by transferring crystals of B-C2"* into a solution of 18% 
(w/v) PEG 3,350, 0.15 M KH»PO,, 5% (v/v) glycerol, 2mM TagBr)2 and incub- 
ating for 3 h, by which time the crystals had taken on a green colouration. Crystals 
were cryoprotected by soaking in mother liquor containing 20% glycerol and 
plunge-cooled in liquid nitrogen. 

X-ray diffraction data collection, structure solution and refinement. 
Diffraction data were collected at 100 K at the MX1 (bending magnet) and MX2 
(microfocus) beamlines of the Australian Synchrotron using the BlueIce data 
collection software. Data were integrated using XDS™ and scaled and merged 
using Aimless” (Supplementary Table 1). X-ray diffraction data for native crystals 
were collected to a resolution of 2.5 A at the MX2 beamline at a wavelength of 
0.9537 A. To enhance the anomalous signal, multiple data sets were collected at a 
wavelength of 0.9791 A (above the absorption edge of selenium) at the MX1 
beamline from the selenomethionine-substituted crystals. Wedges of 68-360° were 
collected from four crystals with a resolution between 2.8 and 2.9 A. Despite the 
higher redundancy of the data set collected from selenomethionine-substituted 
crystals, the selenium substructure could not be solved. Most likely, these crystals 
suffered from radiation damage. Therefore, a single data set from a TagBr,-soaked 
crystal was collected at a wavelength of 1.258 A (above the tantalum absorption 
edge) to 3.15 A resolution at the MX1 beamline. The substructure of the tantalum 
bromide cluster could be solved easily, but the SAD phases were poor owing to the 
limited resolution of the derivative. The TagBr,2-soaked crystal turned out to be 
non-isomorphous to the selenomethionine-substituted crystals. The poor SAD 
phases from the TagBr,2-soaked crystal were transferred to the selenomethionine- 
substituted crystals by the multiple crystal averaging method. The resulting phase 
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information was used to determine a substructure of the selenomethionine deriv- 
ative by the anomalous difference Fourier method. The crystal structure was then 
solved using selenium-SAD phasing”. The resulting structure was used to phase 
the higher-resolution native data by molecular replacement using Phenix”, resulting 
in high-quality electron density maps that were readily interpretable (Supplemen- 
tary Fig. 12). Structure refinement and analysis was performed using Phenix” and 
diagrams were produced using PYMOL (The PyMOL Molecular Graphics System, 
version 1.3rl, Schrédinger, LLC) and Chimera”. The final structure had 96% of 
backbone dihedral angles lying within the favoured region of the Ramachandran 
plot and 0.12% outliers. 

SAXS data collection and processing. Small-angle X-ray scattering (SAXS) data 
were collected at the SAXS/WAXS beamline at the Australian Synchrotron 
(Supplementary Figs 4-6 and Supplementary Tables 2-5). Samples were purified 
to homogeniety by IMAC and SEC, and exhaustively dialysed against sample 
buffer containing 20 mM HEPES, pH7.5, 150mM NaCl. The dialysate was used 
as the solvent blank. Data collection was carried out at 291 K with 1 or 2s expo- 
sures. Sample was flowed across the beam at 4 ils * to avoid radiation damage. 
Multiple concentrations were tested for each protein, and images for each con- 
centration were compared, averaged and buffer-subtracted using the ScatterBrain 
software provided by the Australian Synchrotron. Scattering data were placed on 
the absolute scale by measuring the scattering of a water sample”’. Ab initio bead 
models were created by running dammif* 20 times, superimposing and averaging 
the resulting models with damaver”, and using this as input for a final refinement 
run of dammin*’. SAXS data were compared with the theoretical scattering of the 
B-CN'® crystal structure using crysol*. 

Electron microscopy and image processing. Yen-Tc was previously analysed by 
negative-stain transmission electron microscopy’. Reference-free class averages, 
generated from a data set of 10,224 particle projection images had initially corre- 
lated the B-C complex with a diffuse, spheroidal density attached at one end of the 
particle. To resolve this structure in more detail, it was necessary to remove the 
influence of the pentameric A particle on the alignment and classification process. 
This was achieved by first aligning then masking out the regions of the raw particle 
images corresponding to the B-C subcomplex. The masked B-C ‘subparticles’ 
were then iteratively re-classified and aligned using maximum likelihood analysis 
as implemented in Xmipp”. 
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Avian influenza A viruses rarely infect humans; however, when 
human infection and subsequent human-to-human transmission 
occurs, worldwide outbreaks (pandemics) can result. The recent 
sporadic infections of humans in China with a previously unrecog- 
nized avian influenza A virus of the H7N9 subtype (A(H7N9)) have 
caused concern owing to the appreciable case fatality rate assoc- 
iated with these infections (more than 25%), potential instances 
of human-to-human transmission’, and the lack of pre-existing 
immunity among humans to viruses of this subtype. Here we 
characterize two early human A(H7N9) isolates, A/Anhui/1/2013 
(H7N9) and A/Shanghai/1/2013 (H7N9); hereafter referred to 
as Anhui/1 and Shanghai/1, respectively. In mice, Anhui/1 and 
Shanghai/1 were more pathogenic than a control avian H7N9 virus 
(A/duck/Gunma/466/2011 (H7N9); Dk/GM466) and a representative 
pandemic 2009 HINI1 virus (A/California/4/2009 (HIN1pdm09); 
CA04). Anhui/1, Shanghai/1 and Dk/GM466 replicated well in the 
nasal turbinates of ferrets. In nonhuman primates, Anhui/1 and 
Dk/GM466 replicated efficiently in the upper and lower respiratory 
tracts, whereas the replicative ability of conventional human influ- 
enza viruses is typically restricted to the upper respiratory tract 
of infected primates. By contrast, Anhui/1 did not replicate well 
in miniature pigs after intranasal inoculation. Critically, Anhui/1 
transmitted through respiratory droplets in one of three pairs of 
ferrets. Glycan arrays showed that Anhui/1, Shanghai/1 and 
A/Hangzhou/1/2013 (H7N$9) (a third human A(H7N9) virus tested 
in this assay) bind to human virus-type receptors, a property that 
may be critical for virus transmissibility in ferrets. Anhui/1 was 
found to be less sensitive in mice to neuraminidase inhibitors than 
a pandemic H1N1 2009 virus, although both viruses were equally 
susceptible to an experimental antiviral polymerase inhibitor. The 
robust replicative ability in mice, ferrets and nonhuman primates 
and the limited transmissibility in ferrets of Anhui/1 suggest that 
A(H7N39) viruses have pandemic potential. 

Influenza A virus infections place a considerable burden on public 
health and the world economy. In March 2013, several individuals 
were reported to be infected with an avian A(H7N9) virus’’. Viruses 
of this subtype do not circulate in humans, so A(H7N9) viruses capable 


of transmitting among humans would encounter populations that lack 
any protective immunity to them. By May 30 2013, 132 confirmed 
human infections with A(H7N9) viruses had been reported, with 37 
deaths’, resulting in a case fatality rate of >25%. 

Sequence and phylogenetic analysis revealed that the haemagglu- 
tinin (HA) and neuraminidase (NA) genes of the A(H7N9) viruses 
originated from avian H7 and N9 viruses, respectively**’, whereas 
the remaining six genes are closely related to H9N2 subtype viruses 
that have circulated in poultry in China***. Several of the A(H7N9) 
viruses possess amino acid changes known to facilitate infection of 
mammals, such as leucine at position 226 of HA (H3 HA numbering), 
which confers increased binding to human-type receptors’, and the 
mammialian-adapting mutations E627K”* or D701N? in the PB2 poly- 
merase subunit. Notably, the PB2-627K or PB2-701N markers have been 
detected in almost all human, but not avian or environmental, A(H7N9) 
isolates, suggesting ready adaptation of A(H7N9) viruses to humans. 

To characterize the biological properties and pandemic potential 
of A(H7N39) viruses, we compared Anhui/1 (which possesses the mam- 
malian-adapting HA-226L and PB2-627K markers) and Shanghai/1 
(which possesses the ‘avian-type’ HA-226Q and mammalian-adapting 
PB2-627K markers) with the phylogenetically unrelated avian H7N9 
Dk/GM466 virus, and with CA04, an early, representative 2009 HIN1 
pandemic virus. Anhui/1, Shanghai/1 and CA04 replicated efficiently 
in Madin-Darby canine kidney (MDCK) cells and in differentiated 
normal human bronchial epithelial cells compared with Dk/GM466, 
especially at 33 °C, a temperature corresponding to the human upper 
airway (Supplementary Fig. 1). Electron microscopic analysis showed 
Anhui/1 as a spherical particle that appeared to be efficiently released 
from infected cells (Supplementary Fig. 2). 

Next, we assessed the pathogenicity of Anhui/1 and Shanghai/1 in 
established animal models in influenza virus research, namely mice, 
ferrets and nonhuman primates (Anhui/1 only). In BALB/c mice, 
Anhui/1 and Shanghai/1 were more pathogenic than CA04 and Dk/ 
GM466 on the basis of MLDso (mouse lethal dose 50; the dose required 
to kill 50% of infected mice) values, which were 10°” plaque-forming 
units (p.f.u.) for Anhui/1 and Shanghai/1, 10°° p.f.u. for CA04 and 10°” 
p.f.u. for Dk/GM466 (Supplementary Fig. 3). Three days post-infection 
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Figure 1 | Pathological findings in infected macaques. a-x, Shown are 
pathological findings in the trachea (a-d, m-p), bronchus (e-h, q-t) and lungs 
(i-1, u-x) of macaques infected with Anhui/1 (a-l) or Dk/GM466 (m-x) at 3 d.p.i. 
(a,b, e, f,i,j, m, n, q, r, u,v) or 6 d.p.i. (c,d, g,h,k, 1 0, p, s, t, w, x), with haematoxylin 
and eosin staining (a, ¢, e, g, i, k, m, 0, q, s, u, W) or immunohistochemistry for 
influenza viral antigen (b, d, f, h, j, 1, n, p, r, t, v, x). y, Haematoxylin and eosin 
staining of the lung of an uninfected macaque is shown. Original magnifications: 
400 (a-h, m-t), X200 (i-l, u-y). 


(d.p.i), virus titres in the lungs and nasal turbinates of Anhui/1-, 
Shanghai/1- and CA04-infected mice were slightly higher than those 
in Dk/GM466-infected mice (Supplementary Table 1). Lung lesions in 
Anhui/1- and CA04-infected mice were more severe than those in Dk/ 
GM466-infected mice, in particular at 6 d.p.i. (Supplementary Fig. 4). 
Bronchitis, bronchiolitis, thickening of the alveolar septa, oedema and 
interstitial inflammatory cell infiltration were also more prominent in 
Anhui/1- and CA04-infected mice. Viral antigen was detected in many 
alveolar and bronchial epithelial cells at 3 d.p.i. in Anhui/1- and CA04- 
infected mice (Supplementary Fig. 4), whereas viral-antigen-positive 
cells were restricted to a few bronchial epithelial cells in Dk/GM466- 
infected mice (Supplementary Fig. 4). Collectively, these findings demon- 
strate that Anhui/1 is as pathogenic as CA04 and more pathogenic than 
Dk/GM466 in mice. 

Ferrets intranasally infected with Anhui/1, Shanghai/1, CA04 or 
Dk/GM466 experienced loss of appetite. Transient weight loss was 
detected in one of the three animals infected with Anhui/1 (Sup- 
plementary Fig. 5). Virus titres in the trachea of Anhui/1-, Shanghai/1- 
and CA04-infected ferrets were higher at 3 d.p.i. than those obtained from 
Dk/GM466-infected animals (Supplementary Table 2); at 6d.p.i, virus 
was isolated from the trachea of Anhui/1-, Shanghai/1- and Dk/GM466- 
infected animals, but not from that of CA04-infected ferrets. All three 
viruses replicated inefficiently in the lungs of these animals. In this study, 
we did not detect virus in the lungs in the CA04-infected animals at 3 d.p.i. 
(Supplementary Table 2), whereas this virus was recovered from two out 
of three ferrets infected at 3 d.p.i. in our previous study", consistent with 
efficient replication of pandemic 2009 H1N1 virus in the lungs of ferrets as 
reported by others'”*. Appreciable amounts of virus were recovered from 
nasal turbinates at 3 and 6 d.p.i, with the exception of the nasal turbinates 
of CA04-infected animals at 6 d.p.i. (Supplementary Table 2). Inflamma- 
tion was prominent in the trachea and submucosal glands of CA04- 
infected ferrets (Supplementary Fig. 6). Viral-antigen-positive cells were 
detected in the tracheal, glandular and alveolar epithelial cells of all ferrets. 
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Anhui/1- and CA04-infected ferrets displayed numerous viral-antigen- 
positive cells, especially in the glandular epithelia, whereas Dk/GM466- 
infected ferrets presented far fewer antigen-positive cells. Viral antigens 
were also detected in pneumocytes in localized lung lesions of each ferret. 
In mediastinal lymph nodes, viral antigen was detected in Anhui/1- and 
CA04-infected ferrets only. Anhui/1 and Shanghai/1 thus established a 
robust, although relatively mild, infection in the upper respiratory organs 
of ferrets that was unlike most avian H5N1 influenza virus infections in 
ferrets, which consistently cause severe symptoms including profound 
weight loss. 

Infection of cynomolgus macaques (Macaca fascicularis) with 
6.7 X 10’ p.f.u. of Anhui/1 or Dk/GM466 caused fever (Supplemen- 
tary Fig. 7), as did infection with CA04 in our previous study’®. Both 
Anhui/1 and Dk/GM466 replicated appreciably in macaque nasal tur- 
binates, trachea and lungs, although variability among the virus titres was 
noticed, as is commonly found among outbred animals (Supplemen- 
tary Tables 3 and 4a). Previously, we detected efficient replication of 
CA04 in the respiratory organs of cynomolgus macaques at 3 d.p.i.; by 
7 d.p.i., no virus was detected in the lungs”®. 

Pathological examination of the respiratory organs did not reveal 
major differences between macaques infected with Anhui/1 or Dk/ 
GM466; no notable lesions were detected in the trachea or lobular 
bronchus, but alveolar spaces contained oedematous exudate and 
inflammatory infiltrates comprising mainly neutrophils and mono- 
cytes/macrophages (Fig. 1). At 6d.p.i, regenerative changes were 
observed. Lung inflammation scores did not reveal appreciable differ- 
ences between animals infected with Anhui/1 or Dk/GM466 (Sup- 
plementary Table 4b). Numerous tracheal and bronchial epithelial 
cells of Anhui/1-infected macaques were positive for viral antigen 
(Fig. 1b, d, f; h), as was observed in our previous study with CA04 at 
7 d.p.i.’°. Fewer antigen-positive cells in the tracheal and bronchial 
epithelia of Dk/GM466-infected animals were detected, in particular 
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Figure 2 | Respiratory droplet transmission in ferrets. Ferrets were infected 
with 5 X 10° p.f.u. of Anhui/1, Dk/GM466 or CA04 (infected ferrets). One day 
later, three naive ferrets (contact ferrets) were each placed in a cage adjacent to 
an infected ferret. Nasal washes were collected from infected ferrets on day 1 
after inoculation and from contact ferrets on day 1 after co-housing, and then 
every other day (up to 9 days) for virus titration. 
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at 3 d.p.i. (Fig. In, r). Viral antigen was also detected in the mediastinal 
lymph node sections of Anhui/1-infected monkeys (Supplementary 
Fig. 8). In addition, our analysis of chemokine/cytokine responses 
suggests that Anhui/1 induces strong inflammatory responses both 
systemically and at the site of virus infection (Supplementary Fig. 9 
and Supplementary Information). 

No sustained human-to-human transmission of the novel A(H7N9) 
viruses has been reported to date. To assess the transmissibility of 
Anhui/1, naive ‘contact’ ferrets in wireframe cages (which prevent 
direct contact with animals in neighbouring cages, but allow respir- 
atory droplet transmission) were placed adjacent to an ‘infected’ ferret 
the day after infection as described previously'*. We recovered viruses 
from the nasal washes of all three contact ferrets for CA04 (Fig. 2), as 
expected on the basis of previous studies by us'° and others’*'*. No 
virus was detected in the nasal washes of contact ferrets for Dk/GM466 
(Fig. 2), consistent with the general lack of transmissibility of avian 
influenza viruses in ferrets. However, one of three contact ferrets for 
Anhui/1 shed virus on days 3-7 after contact (Fig. 2). Serum antibody 
titres against Anhui/1 confirmed infection of this animal, whereas the 
other two contact animals did not seroconvert (Supplementary Table 5). 
Given that avian H5N1 influenza viruses require several mutations to 
transmit through respiratory droplets among ferrets'*"*, the pandemic 
potential of A(H7N9) viruses may be greater than that of the highly 
pathogenic avian H5N1 influenza viruses. 

Because replication and transmission of an H5 HA-possessing virus 
in ferrets is associated with amino acid changes in HA’*"*, we sequenced 
the genomes of viruses obtained from infected and contact ferrets. 
Compared to virus inoculum, we detected three non-synonymous 
mutations in HA (T711, R131K and A135T; Fig. 3 and Supplemen- 
tary Table 6) and one nonsynonymous mutation in NA (A27T; N9 
numbering) (Supplementary Table 6); we also detected several syn- 
onymous nucleotide changes. The amino acid mutations in HA were 
detected in >40% of the molecular clones derived from samples 
obtained on day 3 post-contact (Supplementary Table 7), but were found 
exclusively by day 5 post-contact. Interestingly, the egg-grown virus 
stock of Anhui/1 possessed a mixture of amino acids at five positions, 
and the three amino acid changes in HA detected in the transmitted 
virus were detected in two of 39 HA clones representing the egg-grown 
virus stock of Anhui/1 (Supplementary Table 7). The selection of these 
mutations during A/Anhui replication and/or transmission in ferrets 
strongly suggests that these mutations have a biological role, possibly 
in HA stability and/or receptor-binding specificity or affinity. In fact, 
positions 131 and 135 are located near the receptor-binding pocket 
(Fig. 3). At position 71, both threonine and isoleucine are commonly 
found among H7 HAs, and the location of this position ‘underneath’ the 
receptor-binding pocket suggests a possible effect on HA stability (Fig. 3). 

Our data indicate that Anhui/1 efficiently infects mammalian cells. 
We speculated that amino acid changes in Anhui/1 HA contribute to 
this host tropism. The HA-226L residue found in Anhui/1 is known to 
increase the affinity of H3 HAs (which are phylogenetically closely 
related to H7 HAs) to sialic acids linked to galactose by an «2,6-linkage 
(human-type’ receptors); by contrast, avian influenza viruses prefe- 
rentially bind to sialic acids linked to galactose by an «2,3-linkage 
(‘avian-type’ receptors). In addition, Anhui/1 HA deviates from the 
avian virus consensus sequence at positions 186 and 189, which influence 
the receptor-binding preferences of H5 and H9 HAs, respectively’? . 

To analyse receptor-binding preference, we subjected recombinant 
viruses possessing the Anhui/1, Shanghai/1 or Hangzhou/1 HA genes 
(see Supplementary Table 8) in combination with Anhui/1 NA genes and 
the remaining genes from A/Puerto Rico/8/34 (H1N1) (a laboratory- 
adapted strain) to glycan array analysis. All three viruses bound to 
02,6-linked sialosides, unlike a representative avian virus (A/Vietnam/ 
1203/2004 (H5N1); Vietnam/1203), which showed typical specificity 
for 02,3-linked sialosides (Fig. 3 and Supplementary Table 9). Anhui/1 
and Hangzhou/1 HAs bound most strongly to «2,6-linked sialosides, 
and in particular to extended N-linked glycans that are found on human 
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Figure 3 | HA structural analysis and glycan microarray analysis. 

a, Localization of amino acid changes in a virus from a ferret infected via 
respiratory droplets. Shown is the three-dimensional structure of 
A/Netherlands/219/2003 (H7N7) HA (Protein data bank (PDB) code, 4DJ6) in 
complex with human receptor analogues. b, Close-up view of the globular head. 
Mutations that increase affinity to human-type receptors are shown in cyan. 
Mutations that emerged in Anhui/1 HA during replication and/or transmission 
in ferrets are shown in red (T711), green (A135T) and blue (R131K). The 
human receptor analogue (derived from its complex with H9 HA (PDB, 1JSI); 
shown in orange) is docked into the structure. Images were created with 
MacPymol (http://www.pymol.org/). c-g, Receptor specificities of 
recombinant viruses possessing A(H7N9) HAs (Anhui/1, Shanghai/1, 
Hangzhou/1) were compared with representative avian (A/Vietnam/1203/ 
2004 (H5N1); Vietnam/1203) and human (A/Kawasaki/173/2001 (H1N1); 
Kawasaki/173) isolates in a glycan microarray containing 02,3 and 

02,6 sialosides. Error bars represent standard deviations calculated from six 
replicate spots of each glycan. A complete list of glycans is found in 
Supplementary Table 9. 
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Figure 4 | Virus sensitivity to antivirals in mice. a—f, Mice were intranasally 
inoculated with 10° or 10* p.f.u. (50 pl) of Anhui/1 (a, d), CA04 (b, e) or 
recombinant Anhui/1 virus possessing Shanghai/1-NA-294K (c, f). At 2h after 
infection, mice were treated with oseltamivir phosphate, zanamivir, 
laninamivir octanoate, favipiravir, or PBS and distilled water. PBS served as a 
control for intranasal administration; distilled water served as a control for oral 
administration. Body weights were monitored daily (a-c). Three mice per 
group were euthanized at 3 and 6 d.p.i., and the virus titres in lungs were 
determined by plaque assays in MDCK cells (d-f). Statistically significant 


bronchial epithelial cells” (Fig. 3). This binding pattern may be influenced 
by the ‘human-type’ residues at position 226 (Anhui/1 possesses HA-226L 
and Hangzhou/1 possesses HA-226I, the residues also found in human 
H3N2 influenza viruses at this position). Shanghai/1 HA (encoding the 
‘avian-type’ HA-226Q) was less selective, binding equally well to both 
02,6- and «2,3-linked sialosides (Fig. 3). The specificity of the recombin- 
ant Anhui/1 and Hangzhou/1 HA viruses was comparable to the ‘human- 
type’ receptor specificity of H5N1 virus receptor mutants that exhibit 
respiratory droplet transmission in ferrets’*”’, and to that of the human 
H7N3 A/New York/107/2003 isolate that exhibits contact, but not respir- 
atory droplet transmission, in ferrets. Notably, however, inhibition of 
the NA enzymatic function by inclusion of the neuraminidase inhibitor 
zanamivir in the glycan array analysis resulted in substantial increases 
in binding to «2,3-linked sialosides (as shown for Hangzhou/1 in Sup- 
plementary Fig. 10). Moreover, preliminary analysis of the specificity of 
the recombinant Anhui/1 H7 HA revealed preferential binding to «2,3 
sialosides (R.P.d.V., R.M. & J.C.P., unpublished observations). Thus, the 
‘human-type’ receptor specificity of A(H7N9) viruses assessed by glycan 
array seems to reflect the combined activities of HA and NA. 

In pigs, we observed a mild infection with no clinical symptoms (Sup- 
plementary Tables 10 and 11, Supplementary Fig. 11 and Supplementary 
Information). Signs of disease were also absent in infected chickens and 
quails, which supported virus replication in a limited number of organs (a 
characteristic of low pathogenic avian influenza viruses) (Supplementary 
Tables 12-15 and Supplementary Information). 
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differences between virus titres of control mice and those of mice treated with 
antiviral drugs were determined by using Welch’s t-test or Student’s t-test on 
the result of the F-test. The resulting P values were corrected by using Holm’s 
method (*P < 0.05).**Virus was not recovered from all three animals infected 
with CA04 virus (for the 10‘ p.f.u. infection groups, the virus titres for the 
individual animals were 10°” p.f.u. ml! at 3 d.p.i. and 10°” and 

10°" p.fu. ml! at 6 d.p.i. For the 10° p.f.u. infection groups, the virus titres for 
the individual animals were 10° and 10'* p.fu. ml! at 3 d.p.i.). Error bars 
denote standard deviations. 


Antiviral compounds are currently the only therapeutic and pro- 
phylactic option for A(H7N9) infections. We therefore determined the 
in vitro 50% inhibitory concentration (IC;9) of several NA inhibitors 
(oseltamivir, zanamivir, laninamivir and peramivir), and of an experi- 
mental inhibitor of the viral RNA polymerase (favipiravir, also known 
as T-705) against egg-grown virus stocks of Anhui/1 and Shanghai/1. 
Sanger sequencing of the Shanghai/1 NA gene revealed the R294K 
mutation known to confer resistance to NA inhibitors for N2 and 
N9 NAs”. Both Anhui/1 and Shanghai/1 were sensitive to all NA 
inhibitors tested (Supplementary Table 16), consistent with a recent 
report that Shanghai/1 is susceptible to oseltamivir and zanamivir’, 
but inconsistent with the presence of the R294K mutation. A possible 
explanation for this discrepancy is that the Shanghai/1 isolate con- 
tained a mixture of drug-sensitive and -resistant NA genes in which 
the drug-resistant subpopulation may not have been detected, as 
described in ref. 27. In fact, plaque purification of the egg-grown 
Shanghai/1 virus stock revealed a mixed population of NA genes 
encoding NA-294R or -294K. Testing of these variants confirmed that 
Shanghai/1-NA-294R was susceptible to NA inhibitors, whereas the 
NA-294K variant was not (Supplementary Table 16). Further testing 
demonstrated that 30% of oseltamivir-sensitive virus in the mixture is 
sufficient for results to be consistent with a purely sensitive virus 
population (Supplementary Table 17). The ICso values of favipiravir, 
determined by plaque-reduction assays in MDCK cells, were low for 
Anhui/1 and the control CA04 virus (1.4gml-* and 1.2pgml', 
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respectively), suggesting that this compound could be a treatment 
option against A(H7N9) viruses resistant to NA inhibitors. 

We also evaluated the therapeutic efficacy of the anti-influenza 
drugs in mice infected with Anhui/1, CA04 or a recombinant virus 
possessing the Shanghai/1 NA gene (encoding NA-294K) with the 
remaining genes from Anhui/1. Peramivir, which is structurally simi- 
lar to oseltamivir but is administered intravenously, was omitted from 
these experiments. Mice infected with 10° and 10* p.f.u. of viruses were 
treated with the drugs beginning at 2h post-infection. Some NA inhi- 
bitors had modest effects on the body-weight loss of Anhui/1-infected 
mice (Fig. 4a—c), consistent with limited, although statistically signifi- 
cant, effects on virus titre reduction (Fig. 4d-f). We currently do not 
know whether neuraminidase-resistant variants arose during Anhui/1 
replication in mice, which may have limited virus susceptibility to NA 
inhibitors. In this context, it is interesting to note the poor efficacy of 
oseltamivir when used to treat a person infected with A(H7N9)**, pre- 
sumably owing to the emergence of drug-resistant variants. By contrast, 
favipiravir, which targets the viral polymerase complex, showed clear 
therapeutic effectiveness against both viruses at both doses tested. 

In summary, on the basis of their sequences and phylogenetic rela- 
tionships, Anhui/1 and Shanghai/1 originated from an avian host but 
possess several characteristic features of human influenza viruses, such 
as efficient binding to human-type receptors, efficient replication in 
mammalian cells (probably conferred by PB2-627K) and respiratory 
droplet transmission in ferrets (Anhui/1). These properties, together 
with the low efficacy of NA inhibitors and the lack of human immunity 
(we tested 500 human sera collected from various age groups in Japan 
and found no antibodies that recognized Anhui/1), make A(H7N9) 
viruses a formidable threat to public health. 


METHODS SUMMARY 


Viruses. A(H7N9) viruses were propagated in embryonated chicken eggs to pro- 
duce viral stocks. Control viruses were propagated as described in Methods. All 
experiments with A(H7N9) viruses were carried out in approved biosafety level 
(BSL3) containment laboratories. 

Animals. All animals were used according to approved protocols for their care and 
use. Detailed procedures are provided in Methods. 

Antiviral sensitivity of viruses in mice. Six-week-old female BALB/c mice (Japan 
SLC; groups of six) were intranasally inoculated with 10° or 10* pfu. of Anhui/1,CA04 
or a recombinant virus possessing the Shanghai/1 NA gene encoding NA-294K and 
the remaining genes from Anhui/1. At 2h post-infection, mice were administered 
antiviral compounds as described in detail in Methods. Three mice per group were 
euthanized at 3 or 6 d.p.i. and the virus titres in lungs were determined by plaque assays 
in MDCK cells. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 
Viruses. Anhui/1 and Shanghai/1, both kindly provided by Y. Shu, and Dk/ 
GM466 were propagated in embryonated chicken eggs. For antigenic character- 
ization by haemagglutination inhibition assays (see below for detailed procedures), 
Anhui/1 was also propagated in MDCK cells. CA04, Kawasaki/173 and Vietnam/ 
1203 were propagated in MDCK cells. All experiments with H7N9 viruses were 
performed in enhanced biosafety level 3 (BSL3) containment laboratories at the 
University of Tokyo and the National Institute of Infectious Diseases, Japan, which 
are approved for such use by the Ministry of Agriculture, Forestry and Fisheries, 
Japan; or in enhanced BSL3 containment laboratories at the University of Wisconsin- 
Madison, which are approved for such use by the Centers for Disease Control and 
Prevention and by the US Department of Agriculture. 
Cells. MDCK cells were maintained in Eagle’s MEM containing 5% newborn calf 
serum. Human embryonic kidney 293T cells were maintained in DMEM contain- 
ing 10% FCS. Normal human bronchial epithelial cells (NHBEs) were obtained 
from Lonza. The monolayers of NHBE cells were cultured and differentiated as 
previously described”. All cells were incubated at 37 °C with 5% COp. 
Antiviral compounds. Laninamivir and laninamivir octanoate were kindly pro- 
vided by Daiichi Sankyo Co. Favipiravir was kindly provided by Toyama Chemical 
Co. and oseltamivir carboxylate was provided by F. Hoffmann-La Roche. Zanamivir 
was kindly provided by GlaxoSmithKline. Peramivir was kindly provided by 
Shionogi & Co. 
Reverse genetics. Plasmid-based reverse genetics for influenza virus generation was 
performed as previously described”*. In brief, plasmids encoding the complementary 
DNAs for the eight viral RNA segments under the control of the human RNA 
polymerase I promoter and the mouse RNA polymerase I terminator (referred to 
as Poll plasmids), and plasmids for the expression of the viral PB2, PB1, PA and 
nucleoprotein proteins derived from a laboratory-adapted influenza A virus strain 
A/WSN/33 (H1N1), under the control of the chicken B-actin promoter*!, were 
transfected into 293T cells with the help of a transfection reagent, Trans-IT 293 
(Mirus). At 48h post-transfection, culture supernatants were collected and inocu- 
lated to embryonated chicken eggs for virus propagation. 
Growth kinetics of virus in cell culture. MDCK cells were infected in triplicate in 
12-well plates with Anhui/1, Dk/GM466 or CA04 at a multiplicity of infection 
(m.o.i.) of 0.01. After incubation at 37 °C for 1h, the viral inoculum was replaced 
with MEM containing 0.3% bovine serum albumin (with 0.75 ug ml’ trypsin 
treated with L-1-tosylamide-2- phenylethyl chloromethyl ketone), followed by 
further incubation at 37 °C. Culture supernatants collected at the indicated time 
points were subjected to virus titration by using plaque assays in MDCK cells. 
Cultures of differentiated NHBE cells grown on semipermeable membrane 
supports were washed extensively with DMEM to remove accumulated mucus 
and infected in triplicate with virus at a m.o.i. of 0.001 from the apical surface. The 
inoculum was removed after 30 min of incubation at 33 °C or 37 °C, and cells were 
further incubated at 33 °C or 37 °C. Samples were collected at 6, 12, 24, 48, 72 and 
96h post-infection from the apical surface. Apical collection was performed by 
adding 500 il of medium to the apical surface, followed by incubation for 30 min at 
33 °C or 37 °C, and removal of the medium from the apical surface. The titres of 
viruses released into the cell culture supernatant were determined by plaque assay 
in MDCK cells. 
Animal experiments. The sample sizes (n = 3) for the mouse, ferret, quail and 
chicken studies were chosen because they have previously been shown to be 
sufficient to evaluate a significant difference among groups'®'**?**. For the non- 
human primate and pig experiments, two or three animals per group were used 
and no statistical analysis was performed. No method of randomization was used 
to determine how animals were allocated to the experimental groups and pro- 
cessed in this study. The investigator was not blinded to the group allocation 
during the experiments or when assessing the outcome. 
Experimental infection of mice. Six-week-old female BALB/c mice (Japan SLC) 
were used in this study. Baseline body weights were measured before infection. 
Under anaesthesia, four mice per group were intranasally inoculated with 101, 10°, 
10°, 10*, 10° or 10° p.f.u. (50 pl) of Anhui/1, Shanghai/1, Dk/GM466 or CA04. 
Body weight and survival were monitored daily for 14 days. For virological and 
pathological examinations, six mice per group were intranasally infected with 10* 
or 10° p.f.u. (50 ll) of the viruses and three mice per group were euthanized at 3 
and 6 d.p.i. The virus titres in various organs were determined by plaque assays in 
MDCK cells. All experiments with mice were performed in accordance with the 
University of Tokyo’s Regulations for Animal Care and Use and approved by the 
Animal Experiment Committee of the Institute of Medical Science, the University 
of Tokyo. 
Experimental infection of ferrets. Five- to eight-month-old female ferrets (Triple 
F Farms), which were serologically negative by haemagglutination inhibition assay 
for currently circulating human influenza viruses, were used in this study. Under 
anaesthesia, six ferrets per group were intranasally inoculated with 10° pfu. 


(0.5 ml) of Anhui/1, Shanghai/1, Dk/GM466 or CA04. Three ferrets per group 
were euthanized at 3 and 6 d.p.i. for virological and pathological examinations. 
The virus titres in various organs were determined by plaque assays in MDCK 
cells. All experiments with ferrets were performed in accordance with the 
University of Tokyo’s Regulations for Animal Care and Use and approved by 
the Animal Experiment Committee of the Institute of Medical Science, the 
University of Tokyo. 

Ferret transmission study. Pairs of ferrets were individually housed in adjacent 
wireframe cages that prevented direct and indirect contact between animals but 
allowed spread of influenza virus by respiratory droplets. Under anaesthesia, three 
ferrets per group were intranasally inoculated with 0.5 ml of 10° p.f.u.ml' of 
Anhui/1, Dk/GM466 or CA04 (inoculated ferrets). One day after infection, three 
naive ferrets (contact ferrets) were each placed in a cage adjacent to an infected 
ferret (in these cages, infected and contact ferrets are separated by ~5 cm). Body 
weight and temperature were monitored every other day. Nasal washes were 
collected from infected ferrets on day 1 after inoculation and from contact ferrets 
on day 1 after co-housing, and then every other day (for up to 9 days) for viro- 
logical examinations. The virus titres in nasal washes were determined by plaque 
assays in MDCK cells. 

Experimental infection of cynomolgus macaques. Approximately 2-year-old 
male cynomolgus macaques (Macaca fascicularis) from Cambodia (obtained from 
Japan Laboratory Animals), weighing 2.2-2.8kg and serologically negative by 
AniGen AIV antibody ELISA, which detects infection of all influenza A virus 
subtypes (Animal Genetics) and neutralization against A/Osaka/1365/2009 
(HINI1pdm09), A/Kawasaki/UTK-4/2009 (seasonal H1N1), A/Kawasaki/UTK- 
20/2008 (H3N2), B/Tokyo/UT-E2/2008 (type B) and A/duck/Hong Kong/301/ 
78 (H7N2) viruses, were used in this study. Under anaesthesia, six and four 
macaques were inoculated with Anhui/1 or Dk/GM466 (10’ p.fu. ml’ each), 
respectively, through a combination of intratracheal (4.5 ml), intranasal (0.5 ml 
per nostril), ocular (0.1 ml per eye) and oral (1 ml) routes (resulting in a total 
infectious dose of 6.7 X 10” p-f.u.). Body temperature was monitored at 0, 1, 3, 5 
and 6 d.p.i. by rectal thermometer. Nasal and tracheal swabs were collected at 1, 3, 
5 and 6 d.p.i. for virological examinations. Three Anhui/1- and two Dk/GM466- 
infected macaques per group were euthanized at 3 and 6 d.p.i. for virological and 
pathological examinations. Virus titres were determined by plaque assays in 
MDCK cells. All experiments with macaques were performed in accordance with 
the Regulation on Animal Experimentation Guidelines at Kyoto University (5 
February, 2007) and were approved by the Committee for Experimental Use of 
Nonhuman Primates in the Institute for Virus Research, Kyoto University. 
Experimental infection of miniature pigs. Two- to three-month-old female 
specific-pathogen-free miniature pigs (NIBS line; Nippon Institute for Biological 
Science), which were serologically negative by neutralization assay for currently 
circulating human and swine influenza viruses, were used in this study. Baseline 
body temperatures were measured before infection. Four and two pigs were intra- 
nasally inoculated with 10’ p.f.u. (1 ml) of Anhui/1 or Dk/GM466, respectively. 
Body temperature was monitored daily. Nasal swabs were collected every day for 
virological examinations. Two pigs per group were euthanized at 3 d.p.i. for viro- 
logical and pathological examinations; the remaining two Anhui/1-inoculated pigs 
were euthanized at 6 d.p.i. Virus titres were determined by plaque assays in MDCK 
cells. All experiments with miniature pigs were performed in accordance with 
guidelines established by the Animal Experiment Committee of the Graduate 
School of Veterinary Medicine, Hokkaido University, and were approved by the 
Institutional Animal Care and Use Committee of Hokkaido University. 
Experimental infection of chickens. Four-week-old female specific-pathogen- 
free chickens (Nisseiken Co.) were used in this study. Six chickens per group were 
intranasally inoculated with 2 X 10° p.f.u. (0.2 ml) of Anhui/1 or Dk/GM466. 
Tracheal and cloacal swabs were collected every day for virological examinations. 
Three chickens per group were euthanized at 3 and 6 d.p.i. for virological exam- 
inations. The virus titres in various organs and swabs were determined by plaque 
assays in MDCK cells. All experiments with chickens were performed in accord- 
ance with the Animal Experimentation Guidelines of the National Institute of 
Infectious Disease (NIID) and were approved by the Animal Care and Use 
Committee of the NIID. 

Experimental infection of quails. Four-month-old female quails (Yamanaka 
Koucho En) were used in this study. Six quails per group were intranasally inocu- 
lated with 2 x 10° pfu. (0.2 ml) of Anhui/1 or Dk/GM466. Tracheal and cloacal 
swabs were collected every day for virological examinations. Three quails per 
group were euthanized at 3 and 6 d.p.i. for virological examinations. The virus 
titres in various organs and swabs were determined by plaque assays in MDCK 
cells. All experiments with quails were performed in accordance with the 
University of Tokyo’s Regulations for Animal Care and Use and were approved 
by the Animal Experiment Committee of the Institute of Medical Science, the 
University of Tokyo. 
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Pathological examination. Excised tissues of animal organs preserved in 10% 
phosphate-buffered formalin were processed for paraffin embedding and cut into 
3-um-thick sections. One section from each tissue sample was stained using a 
standard haematoxylin and eosin procedure, whereas another one was processed 
for immunohistological staining with a rabbit polyclonal antibody for type A 
influenza nucleoprotein antigen (prepared in our laboratory) that reacts compar- 
ably with all of the viruses tested in this study. Specific antigen-antibody reactions 
were visualized with 3,3’-diaminobenzidine tetrahydrochloride staining by using 
the DAKO LSAB2 system (DAKO Cytomation). 
Cytokine and chemokine measurement. Macaque lung homogenates and serum 
samples were processed with the MILLIPLEX MAP Non-human Primate 
Cytokine/Chemokine Panel—Premixed 23-Plex (Merck Millipore). Array analysis 
was performed by using the Bio-Plex Protein Array system (Bio-Rad Laboratories). 
NA inhibition assay. In vitro NA activity of viruses was determined by using the 
commercially available NA-Fluor Influenza Neuraminidase Assay Kit (Applied 
Biosystems). In brief, diluted viruses were mixed with the indicated amounts of 
oseltamivir carboxylate, zanamivir, laninamivir or peramivir and incubated at 
37 °C for 30 min. Methylumbelliferyl-N-acetylneuraminic acid (MUNANA) was 
then added as a fluorescent substrate, and the mixture was incubated at 37 °C for 
1h. The reaction was stopped by adding 0.12 M Na,COs in 40% ethanol. The 
fluorescence of the solution was measured at an excitation wavelength of 355 nm 
and an emission wavelength of 460 nm, and the ICs9 values were calculated. 
Polymerase inhibitor sensitivity assay. 8 X 10° MDCK cells were infected with 
approximately 50 p.f.u. of viruses. After incubation at 37°C for 1h, the viral 
inoculum was replaced with agarose medium containing various concentrations 
of favipiravir. After the cells were incubated at 37°C for 2 days, plaques were 
visualized by crystal violet staining and counted. 
Antiviral sensitivity of viruses in mice. Under anaesthesia, six mice per group 
were intranasally inoculated with 10° or 10° p.f.u. (50 pl) of Anhui/1, CA04 or a 
recombinant virus possessing the Shanghai/1 NA gene encoding NA-294K and 
the remaining genes from Anhui/1. At 2 h after inoculation, mice were treated with 
the following antiviral compounds: (1) oseltamivir phosphate: 4 or 40 mg per kg 
per 200 ll, administered orally twice a day for 5 days; (2) zanamivir: 0.8 or 8 mg per 
kg per 50, administered intranasally once daily for 5 days; (3) laninamivir: 
0.75 mg per kg per 50 ul, administered intranasally once during the entire experi- 
mental course; (4) favipiravir: 30 or 150 mg per kg per 200 il, administered orally 
twice a day for 5 days; (5) or PBS intranasally (50 pl) and distilled water orally 
administered. For virological examinations, three mice per group were euthanized 
at 3 and 6d.p.i. The virus titres in lungs were determined by plaque assays in 
MDCK cells. 
Antigenicity characterization by HI assays. Anti-H7 HA monoclonal antibodies 
46/6, 46/2 and 55/3 against A/seal/Massachusetts/1/80 (H7N7) virus were kindly 
provided by R. G. Webster. The goat polyclonal antibody NR-9226 (raised against 
A/Netherlands/219/2003 (H7N7)) was obtained from BEI Resources. The remain- 
ing antibodies, that is, mouse monoclonal antibodies B1275m and B1275m (raised 
against A/Netherlands/219/2003 (H7N7), MyBioSource), 127-10023 (raised against 
A/FPV/Rostock/34 (H7N1), RayBiotech), 10H9, 9A9 and 1H11 (raised against 
A/FPV/Rostock/34 (H7N1), HyTest), and rabbit polyclonal antibody MBS432028 
(raised against A/chicken/MD/MINHMA/2004 (H7N2), MyBioSource) were com- 
mercially available. Anhui/1 propagated in embryonated chicken eggs or in MDCK 
cells was used in this study. Antibodies were serially diluted twofold with PBS in 
96-well U-bottom microtitre plates and mixed with the amount of virus equivalent to 
eight haemagglutination units, followed by incubation at room temperature (25 °C) 
for 30 min. After adding 50 ll of 0.5% turkey red blood cells, the mixtures were gently 
mixed and incubated at room temperature for a further 45 min. haemagglutination 
inhibition titres are expressed as the inverse of the highest antibody dilution that 
inhibited haemagglutination (Supplementary Table 18). These data were used to 
select antibodies for glycan arrays. 
Serology with human sera. Human sera, collected in Japan in November 2012 
from 200 donors ranging in age from 20 to 63 years, were treated with receptor- 
destroying enzyme (Denka Seiken Co). Twofold serial dilutions of the treated sera 
were mixed with 100 p.f.u. of Anhui/1 and incubated at 37 °C for 1h. MDCK cells 
were inoculated with the virus-serum mixtures and cultured for 3 days. The neut- 
ralizing activity of the sera was determined based on the cytopathic effects in 
inoculated cells. All experiments with human sera were approved by the 
Research Ethics Review Committee of the Institute of Medical Science, the 
University of Tokyo (approval number: 21-38-1117). 

A total of 300 serum samples were also obtained from the serum bank of the 
National Institute of Infectious Diseases in Japan. Samples were collected from 
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different regions of Japan during 2010-2011. Subjects were divided into 10 age 
groups, 30 samples per group, and analysed for antibodies against Anhui/1 by use 
of the haemagglutination inhibition assay with 0.5% turkey red blood cells. 
Glycan arrays. Glycan array analysis was performed on a glass slide microarray 
containing 6 replicates of 57 diverse sialic acid-containing glycans including ter- 
minal sequences and intact N-linked and O-linked glycans found on mammalian 
and avian glycoproteins and glycolipids. B-propiolactone-inactivated viruses 
containing A(H7N9) virus HA and NA genes in the background of A/Puerto 
Rico/8/34 (H1N1) virus were applied to the array at dilutions of 128-512 haemag- 
glutination units ml |. After incubation at room temperature for 1 h, slides were 
washed and overlaid with a 1:200 dilution of rabbit or goat anti-H7 antibody for 
1h (selected on the basis of antibody characterization with several H7 viruses; see 
Supplementary Table 18), and finally with anti-rabbit IgG Alexa Fluor 488 or anti- 
goat IgG Alexa Fluor 647 (Invitrogen) at 10 1g ml’. Slides were then washed and 
scanned on a ProScanArray Express HT (PerkinElmer) confocal slide scanner to 
detect bound virus. A complete list of glycans present on the array is provided in 
Supplementary Materials (Supplementary Table 9). 

Electron microscopy. Anhui/1 was inoculated into 10-day-old embryonated 
chicken eggs and the allantoic membranes were collected 24h after inoculation. 
They were then processed for ultrathin section electron microscopy and scanning 
electron microscopy as described previously'®”*. 

Statistical analysis. All statistical analyses were performed using JMP Pro 9.0.2 
(SAS Institute). Statistically significant differences between the virus titres of 
Dk/GM466-infected mice and those of other mice were determined by using 
Welch’s t-test with Bonferroni’s correction. Comparisons of virus titres in antiviral 
sensitivity assays in mice were also done using Welch’s t-test or Student's t-test on 
the result of the F-test. The resulting P values were corrected by using the Holm’s 
method. 

Biosafety and biosecurity. All recombinant DNA protocols were approved by the 
University of Wisconsin-Madison’s Institutional Biosafety Committee after risk 
assessments were conducted by the Office of Biological Safety, and by the 
University of Tokyo’s Subcommittee on Living Modified Organisms, and, when 
required, by the competent minister of Japan. In addition, the University of 
Wisconsin-Madison Biosecurity Task Force regularly reviews the research pro- 
gram and ongoing activities of the laboratory. The task force has a diverse skill set 
and provides support in the areas of biosafety, facilities, compliance, security and 
health. Members of the Biosecurity Task Force are in frequent contact with the 
principal investigator and laboratory personnel to provide oversight and assure 
biosecurity. All experiments with H7N9 viruses were performed in enhanced 
BSL3 containment laboratories. Ferret transmission studies were conducted by 
two scientists with DVM and/or PhD degrees that each had more than 5 years of 
experience working with highly pathogenic influenza viruses and performing 
animal studies with such viruses. Our staff who work with ferrets, nonhuman 
primates, pigs, chickens and quails wear disposable overalls and powered air- 
purifying respirators that filter the air. Biosecurity monitoring of the facilities is 
ongoing. All personnel complete rigorous biosafety, BSL3 and Select Agent (for the 
US laboratory) training before participating in BSL3-level experiments. The prin- 
cipal investigator participates in training sessions and emphasizes compliance to 
maintain safe operations and a responsible research environment. The laboratory 
occupational health plans are in compliance with policies at the respective institu- 
tions (University of Wisconsin-Madison and the University of Tokyo Occupatio- 
nal Health Programs). 
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Pathogenesis and transmission of avian influenza A 
(H7N9) virus in ferrets and mice 
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On 29 March 2013, the Chinese Center for Disease Control and 
Prevention confirmed the first reported case of human infection 
with an avian influenza A(H7N9) virus’. The recent human infec- 
tions with H7N9 virus, totalling over 130 cases with 39 fatalities to 
date, have been characterized by severe pulmonary disease and 
acute respiratory distress syndrome (ARDS)*. This is concerning 
because H7 viruses have typically been associated with ocular dis- 
ease in humans, rather than severe respiratory disease’. This recent 
outbreak underscores the need to better understand the pathogen- 
esis and transmission of these viruses in mammals. Here we assess 
the ability of A/Anhui/1/2013 and A/Shanghai/1/2013 (H7N9) 
viruses, isolated from fatal human cases, to cause disease in mice 
and ferrets and to transmit to naive animals. Both H7N9 viruses 
replicated to higher titre in human airway epithelial cells and in the 
respiratory tract of ferrets compared to a seasonal H3N2 virus. 
Moreover, the H7N9 viruses showed greater infectivity and leth- 
ality in mice compared to genetically related H7N9 and H9N2 
viruses. The H7N9 viruses were readily transmitted to naive ferrets 
through direct contact but, unlike the seasonal H3N2 virus, did not 
transmit readily by respiratory droplets. The lack of efficient res- 
piratory droplet transmission was corroborated by low receptor- 
binding specificity for human-like o2,6-linked sialosides. Our 
results indicate that H7N9 viruses have the capacity for efficient 
replication in mammals and human airway cells and highlight the 
need for continued public health surveillance of this emerging 
virus. 

Laboratory-confirmed H7N9 infections in humans have been reported 
in eight contiguous provinces in eastern China (Anhui, Fujian, Henan, 
Hunan, Jiangsu, Jiangxi, Shandong and Zhejiang), two municipalities 
(Beijing and Shanghai) and Taiwan to date*. Although historically this 
subtype resulted in mild illness among humans’, the majority of novel 
A(H7N$9) cases have resulted in severe respiratory illness in adults, repre- 
senting the largest occurrence of H7 virus infections in humans”. Unlike 
highly pathogenic avian influenza (HPAI) H5N1 viruses, which exhibit 
lethality in poultry and cause severe human disease, low pathogenic 
(LPAI) H7N9 viruses seem to be asymptomatic or cause mild disease in 
poultry and wild bird populations, possibly due to the presence of a single 
amino acid in the haemagglutinin (HA) cleavage site of this virus”. 
Similar to H5N1 viruses, human cases with H7N9 virus seem to result 
from direct contact with infected poultry, yet >20% of confirmed H7N9 
cases have reported no exposure to live animals®. Although sustained 
human-to-human transmission has not been observed with this virus to 
date, reports of family clusters of A(H7N9) infection suggest the potential 
for virus spread between close contacts®. Understanding the properties of 
A(H7N$9) viruses which contribute to human disease and their capacity 
for human-to-human transmission is a critical requirement for guidance 
of public health responses. The ferret (Mustela putorius furo) is recognized 
as the best small mammalian model for the concurrent study of influenza 
virus pathogenicity and transmissibility, and was used here to assess the 
virulence of A(H7N9) viruses. 


A/Anhui/1/13 (Anhui/1) virus was isolated from a throat-swab spe- 
cimen collected from an adult female patient with known poultry expo- 
sure and who died from ARDS 6 days after illness onset. A/Shanghai/1/ 
13 (Shanghai/1) virus was isolated from an adult male patient with no 
known poultry exposure who died from refractory hypoxemia 13 days 
after illness onset”. These A(H7N9) viruses from China possess several 
molecular markers previously associated with human adaptation, 
including the presence of E627K in the PB2 protein and Q226L in 
the 210-loop in the HA gene’. Glycan microarray analysis of these 
phylogenetically distinct viruses revealed that Shanghai/1 (bearing 
Q226 in the HA (H3 numbering)) largely binds to avian «2,3 receptor 
analogues (glycans 4 to 40) (Fig. la and Supplementary Table 1), 
whereas Anhui/1 virus (bearing L226), revealed a mixed «2,3/02,6 
receptor preference (Fig. 1b and Supplementary Table 1); the single 
Q226L amino substitution has long been recognized to modulate recep- 
tor-binding specificity’. In particular, Anhui/1 virus bound to human 
biantennary structures (glycans 43 to 47), as well as the longer, linear 
«2,6 sialylated tri- N-acetyl lactosamine (glycans 58-60), some of which 
have been detected in N glycans of cultured human bronchial epithelial 
cells®. These findings are in accord with recent studies showing that 
Anhui/1 virus binds to human tracheal tissue sections, albeit at a lower 
intensity than other human-adapted viruses””°. 

Select contemporary North American and Eurasian H7 viruses 
associated with human infection have previously demonstrated the 
capacity to transmit between ferrets in a direct-contact model, but 
not by respiratory droplets in the absence of direct contact". To char- 
acterize the transmissibility of A(H7N9) isolates, we intranasally 
inoculated ferrets with 10° plaque-forming units (p.f.u.) of virus. 
Approximately 24h post-inoculation (p.i.), inoculated-contact pairs 
were established by placing a naive ferret in the same cage as an 
inoculated ferret (direct contact transmission), or in an adjacent cage 
with perforated side-walls (respiratory droplet transmission)'*. Nasal 
washes were collected on alternate days from all animals and titred for 
the presence of infectious virus'’. The A(H7N9) viruses were com- 
pared to a seasonal H3N2 virus, A/Texas/50/2012 (Texas/50), repres- 
entative of H3N2 viruses circulating in the 2012-2013 northern 
hemisphere season”. 

Ferrets inoculated with Anhui/1 or Shanghai/1 virus showed mod- 
est weight loss and transient inactivity, but generally did not exhibit 
signs of severe disease (Table 1 and Supplementary Fig. 1). However, 
two of eight Shanghai/1 virus-inoculated ferrets were euthanized due 
to severe lethargy (laboured breathing, tremors, unresponsiveness day 4 
p.i.) or excessive weight loss (26.6% drop from initial body weight day 12 
p.i.) (Table 1 and Supplementary Fig. 1). A(H7N9) virus was detected at 
elevated titres in the nasal turbinates and trachea (Supplementary Fig. 2). 
However, unlike the seasonal H3N2 virus, A(H7N9) virus was detected 
in the lower respiratory tract (peak mean titre >10° p.f.u. per g lung 
tissue) (Supplementary Fig. 1)'°"*. Infectious virus was detected in the 
brain and olfactory bulb of 1/3 and 2/3 ferrets inoculated with Anhui/1 
and Shanghai/1 viruses, respectively (Supplementary Fig. 2); viraemia or 
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Figure 1 | Receptor specificity of A(H7N9) viruses. a, b, Glycan microarray 
analysis of Shanghai/1 (a) and Anhui/1 (b) viruses. Coloured bars highlight 
glycans that contain «2,3 sialosides (blue), «2,6 sialosides (red), «2,6/02,3 
mixed sialosides (purple), N-glycolyl sialosides (green), «2,8 sialosides (brown), 
2,6 and 9-O-acetyl sialosides (yellow), and non-sialoside glycans (grey) and 
are expressed as relative fluorescence units (RFU). Error bars reflect the s.e.m. 
in the signal for six independent replicates on the array. Structures of each of the 
numbered glycans are found in Supplementary Table 1. 


systemic spread of virus to the spleen, kidney or liver was not detected. 
Similar to the 2009 HIN1 pandemic virus, gastrointestinal symptoms 
have been noted following A(H7N$9) virus infection in humans’; rectal 
swabs were positive for virus detection in 7/11 and 5/8 Anhui/1 and 
Shanghai/1 virus-inoculated ferrets, respectively, whereas H3N2 virus 
was not detected in this sample (Supplementary Fig. 3). Furthermore, 
intestinal tract samples were positive in 3/3 Shanghai/1 inoculated fer- 
rets day 3 p.i. (Supplementary Fig. 2). In agreement with reports of 
lymphopenia among A(H7N%9) virus-infected patients’, ferrets showed 
transient lymphopenia that was sustained through day 7 p.i., with greater 
reductions in circulating lymphocytes in A(H7N9) virus-infected ferrets 
compared to ferrets infected with H3N2 virus (Supplementary Table 2). 
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Ferrets inoculated with A(H7N$9) virus shed high titres of virus in 
nasal washes as early as day 1 p.i., significantly higher than Texas/50 
virus-infected ferrets at this time point (P< 0.05) (Table 1 and Sup- 
plementary Fig. 4). Mean titres in nasal washes were sustained at >10° 
p-fu. in Anhui/1 and Shanghai/1 virus-infected ferrets through day 3 
p.i. (Supplementary Fig. 4). Efficient direct contact transmission 
occurred by day 1 post-contact, with viral titres in nasal wash samples 
reaching comparable titres to inoculated ferrets by day 3 post-contact. 
Respiratory droplet transmission of Anhui/1 virus was observed in 2/6 
ferrets, with detection of virus in contact ferret nasal washes delayed 
2-4 days compared to seasonal H3N2 virus; Shanghai/1 virus was 
detected in 1/3 ferrets in this model (Supplementary Fig. 4). These 
results are in accord with a recently published study demonstrating 
only limited transmissibility of A/Shanghai/2/13 virus by the airborne 
route’*. Sequence analysis of virus gene segments obtained from nasal 
wash samples of A(H7N9) respiratory droplet contact animals (total 
n = 3) revealed no substantial amino acid changes. No sequence changes 
were observed from nasal washes obtained from the Shanghai/1 respir- 
atory droplet contact ferret compared to Shanghai/1 sequences submit- 
ted to GISAID. Sequencing of nasal wash samples obtained on days 5-7 
p.i. from Anhui/1 respiratory droplet contact ferrets revealed only one 
amino acid substitution in the HA protein at R140M (H3 numbering), 
not found among Anhui/1 inoculated ferrets. This position is located in 
the HA 140 loop region of HA1 and is not known to be associated with 
changes in H7 HA receptor binding or influenza virus transmission. 
Although A(H7N9) viruses are not readily transmissible by respiratory 
droplets, the efficient virus transmission observed in the direct-contact 
model has not been observed with H5N1 viruses'’ and may indicate the 
capacity of an A(H7N9)-like virus to acquire properties that would 
confer efficient airborne transmission. 

Phylogenetic analysis showed that the H7N9 virus is a triple reas- 
sortant comprising an HA from an H7N3 virus, the neuraminidase (NA) 
of an H7N9 virus, and all six internal genes from an H9N2 virus’. To 
assess the relative contribution of these avian precursors to the patho- 
genicity of the 2013 H7N9 viruses, we inoculated BALB/c mice intrana- 
sally with A/shoveler/Egypt/00215-NAMRU3/07 (shv/Egypt/07)’®, an 
H7N9 virus with high surface glycoprotein amino acid sequence iden- 
tity to Anhui/1, A/chicken/Vietnam/NCVD-1156/2011 (ck/VN/11), an 
H9ON2 virus possessing internal genes with high genetic similarity to 
Anhui/1 virus, and the 2013 ACH7N9) viruses to determine virus rep- 
lication, morbidity (as measured by weight loss), the 50% mouse infec- 
tious dose (MID; ), and the 50% mouse lethal dose (LD59). MIDs» titres 
were markedly low for all viruses, demonstrating high infectivity of the 
avian viruses in this model; typically human viruses do not replicate 
efficiently in mice without prior host adaptation’” (Table 2). Mice 
inoculated with Anhui/1 or Shanghai/1 virus showed severe morbidity 
(>20% weight loss) anda LDs of 10°°-10°*, a value comparable to the 
select group of HPAI H5N1 and H7N7 viruses which have a high- 
pathogenicity phenotype in this model'*””. In contrast, the avian pre- 
cursor viruses shv/Egypt/07 and ck/VN/11 caused moderate morbidity 
in mice, but did not display a lethal phenotype (Table 2). Collectively, 
lung titres in Anhui/1 and Shanghai/1 virus-inoculated mice were 
significantly higher than LPAI precursor viruses examined day 3 p.i. 
(P < 0.05); by day 6 p.i., all H7N9 viruses were detected at comparable 


Table 1 | Clinical signs, virus replication, and transmission of H7N9 and H3N2 viruses in ferrets 


Inoculated animals 


Direct contact animals Respiratory droplet contact animals 


Virus Weight Respiratory Lethargys Lethality! Nasal Virus detected Seroconverted Virus detected Seroconverted 
loss} (%) symptomst wash titre 

Anhui/1 8.8 3/11 1.1 (7/11) 0/11 7A) 4/4 4/4 2/6 2/6 

Shanghai/1 92 5/8 1.3 (7/8) 2/8 6.7 (1)* 4/4 4/4 1/3 1/3 

Texas/50 10.1 4/6 1.0 (2/6) 0/6 5.6(1) 3/3 3/3 3/3 3/3 


+The percentage mean maximum weight loss observed during the first 10 days p.i. 
Number of ferrets that exhibited sneezing or nasal discharge during the first 10 days p.i. 


§ Relative inactivity index of ferrets during the first 10 days p.i. (number of ferrets with observed lethargy in parentheses). 
\;Number of animals euthanized before the end of the 14 day experimental period because of reaching a clinical end point. 
{Peak mean logo (p.f.u.ml~?) nasal wash titre (day p.i. in parentheses). *P < 0.05 compared with Texas/50 by one-way ANOVA. 
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Table 2 | Pathogenicity of H7N9 and related viruses in BALB/c mice 


Virus Subtype Weight losst Lung Lung MIDs08 ~LDso08 
titre (d3)t titre (d 6)t 

Anhui/1 H7N9 22.2(7) 7.22056 5520.5 0.25 3.4 

Shanghai/1 H7N9 25.6(4) 66+0.2 5.6 + 0.2 0.25 3.3 

shv/Egypt/07 H7N9 16.5(3) 44+02 5.6+0.3 2.25 >6 

ck/VN/11 HON2 18.1(6) 48+0.2 3120.1 1.5 >6 


+ Maximum per cent weight loss (5 mice per group) after infection with 10° p.f.u. of virus (day p.i. in 
parentheses). 

+ Average lung titres of three mice on indicated days p.i., expressed as logy (p.f.u.ml-!) + SD. 

§ MIDso and LDso are expressed as the logio p.f.u.ml-+ required to give one MIDso or one LDso. 


titre, >100-fold higher than the H9N2 virus at this time point 
(P <0.05). All viruses examined replicated to low titres in the nose 
day 3 and 6 p.i. (Supplementary Fig. 5), and systemic spread of virus to 
the brain was not detected. 

Unlike past human infections with H7 viruses, conjunctivitis has 
not been reported among A(H7N9)-infected individuals’. Viral titres 
in ferret eye or conjunctiva samples were not frequently detected in 
H7N9 or H3N2 virus-infected animals, although conjunctival washes 
from 50% of Anhui/1 virus-infected ferrets were positive for virus 
(Supplementary Figs 2 and 3). Ocular inoculation of mice with shv/ 
Egypt, Anhui/1 or Shanghai/1 H7N9 viruses did not result in consist- 
ent virus replication in eye tissue (Supplementary Table 3). However, 
viral titres in the nose were detected days 3 and 6 p.i. following ocular 
inoculation with Anhui/1 and Shanghai/1 virus in mice with greater 
frequency compared to shv/Egypt/07 virus (Supplementary Table 3). 
These studies provide evidence that the 2013 A(H7N9) virus does not 
maintain the ocular tropism typical of H7 viruses, but is capable of using 
the eye as an entry portal to cause a productive respiratory infection. 

The ability of Anhui/1 virus to form plaques in the presence or 
absence of the trypsin protease was assayed in MDCK cells by standard 
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Figure 2 | Replication kinetics of A(H7N9) influenza viruses in polarized 
human airway epithelial cells. a, Replication at 37 °C; b, viral titre at 24 h post- 
infection. Calu-3 cells cultured for 1 week were inoculated with virus at an MOI 
of 0.01. Culture supernatants were collected at the times indicated and virus 
titres were determined by plaque assay. Titre values represent the average for 
three independent wells plus s.d. *indicates statistically significant difference 
between 37 °C and 33 °C for each virus, based on the Mann-Whitney test 
(P<0.004). 
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plaque methods”’. Proteolytic cleavage of the HA molecule is a pre- 
requisite for multi-cycle replication, and the ability of virus to replicate 
in the absence of trypsin is thought to be an important determinant of 
influenza virus pathogenicity in mammals”’. Similar to the seasonal 
Texas/50 virus which requires an exogenous protease source for multi- 
cycle replication and plaque formation, the A(H7N9) virus failed to 
form visible plaques without the addition of trypsin (data not shown). 

Because the airway epithelium is the primary site of influenza virus 
replication in humans, we investigated the A(H7N9) virus replication 
efficiency in Calu-3 cells, derived from human bronchial epithelium 
and grown on permeable cell culture membranes to resemble the in 
vivo airway epithelium” (Fig. 2a). For all viruses tested, titres of pro- 
geny virus progressively increased during the first 48h p.i. Anhui/1 
virus showed a 20- to 400-fold increase in replication at 48 h p.i. when 
compared to the other virus subtypes tested in Calu-3 cells (P < 0.04). 
Notably, compared to the seasonal H3N2 virus, Anhui/1 virus showed 
an 80,000-fold increase in replication at 24h p.i. 

As previous studies have suggested an association between the trans- 
missibility of influenza viruses in ferrets and their ability to replicate 
efficiently at the lower temperature (33 °C), found in the environment 
of the mammalian upper airway”, we evaluated the replication kinetics 
of A(H7N9) virus in Calu-3 cells cultured at either 33°C or 37°C. 
Whereas the seasonal Texas/50 virus replicated equally well at both 
temperatures, A(H7N$9) viruses showed significantly reduced replica- 
tion at 33 °C compared with 37 °C at 24h, characteristic of avian sub- 
type viruses (Fig. 2b)*!; comparable titres at either temperature were 
detected by 48h for all viruses (data not shown). These data demon- 
strate that the A(H7N9) viruses replicate productively in polarized 
bronchial epithelial cells at 37 °C, but less efficiently at the lower tem- 
perature of the human proximal airways early after infection. 

The recent cases of human infection with H7N9 viruses highlight 
the need to better understand the potential of these viruses to spread 
and cause disease in humans. Although the novel H7N9 influenza 
virus has caused severe illness and death among individuals in 
China, the initial epidemiologic findings suggest that there is no evid- 
ence of sustained human-to-human transmission of this virus. Our 
ferret transmission results are consistent with this observation and 
suggest that additional virus adaptation in mammals would be 
required to reach the high-transmissible phenotypes observed by the 
respiratory droplet route with pandemic and seasonal influenza A 
viruses”. 


METHODS SUMMARY 

Viruses and cells. H7N9 and H9N2 viruses were passaged in eggs; H1N1 virus was 
propagated in MDCK cells. Detailed culture conditions for Calu-3 cells are 
included in Methods. Virus titrations were performed in MDCK cells by standard 
plaque assay”®. 

Biosafety and biosecurity. Experiments were conducted in biosafety level 3 facil- 
ities with enhancements (BSL3+) in accordance with U.S. Federal and WHO 
guidelines. Features of the BSL3+ containment laboratories include a double door 
entrance, double door autoclave, HEPA filtration of intake and exhaust air, shower 
out room, and a liquid effluent sterilizer. Security is monitored through an auto- 
mated access control system and entrance to the laboratory is restricted by guard 
stations, cameras, card-controlled doors and biometric readers. Use of powered 
air-purifying respirators in the laboratory and yearly training requirements are 
mandatory for all staff with access. 

Glycan arrays. Microarray printing and influenza virus analyses were performed 
as previously described"; specific details on the glycans analysed are provided in 
Methods. 

Animals. Six-to-eight week old female BALB/c mice (Jackson Laboratory) and 
six-to-seven month old influenza virus-seronegative male ferrets (Triple F Farms) 
were used in all experiments. All intranasally inoculated animals were adminis- 
tered 10° p.f.u. of virus except for determination of mouse infectivity and lethality, 
where mice were administered serial 10-fold dilutions of virus. Virus transmission 
in ferrets was measured by co-housing an inoculated and naive ferret (direct 
contact transmission) or by placing an inoculated and naive ferret in adjacent 
cages with a perforated side wall (respiratory droplet transmission)'*. Trans- 
mission was determined by presence of virus in nasal washes and seroconversion 
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of contact ferrets. Detailed procedures are included in Methods for pathotyping, 
transmission and tropism studies. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

Viruses. All animal experiments were conducted under biosafety level 3 facilities 
with enhancements (BSL3+) in accordance with US Federal and World Health 
Organization guidelines. Biocontainment for the BSL3+ laboratories is based 
on the 5th Edition of Biosafety in Microbiological and Biomedical Labora- 
tories. A/Anhui/1/13 (H7N9), A/Shanghai/1/13 (H7N9), A/shoveler/Egypt/ 
00215-NAMRU3/07 (H7N9), A/chicken/Vietnam/NCVD-1156/2011 (H9N2) 
and A/Goose/Nebraska/17097-4/11 (H7N9) viruses were propagated in 10-day- 
old embryonated hens’ eggs for 42 h at 37 °C as previously described'*”*. A/Texas/ 
50/12 was propagated in Madin Darby canine kidney (MDCK) cells as previously 
described”. 

Ferret experiments. All animal research was approved by the Centers for Disease 
Control and Prevention’s Institutional Animal Care and Use Committee and 
conducted in an Association for Assessment and Accreditation of Laboratory 
Animal Care International-accredited animal facility. Male Fitch ferrets (Triple 
F Farms), 6 to 7 months of age and serologically negative by haemagglutination 
inhibition (HI) assay for currently circulating influenza viruses, were used in all 
experiments. A minimum number of animals were used to achieve reproducible 
results in each experiment per ethical guidelines; investigators were not blinded to 
groups. Ferrets were housed in cages within a Duo-Flow Bioclean mobile clean 
room (Lab Products) and randomly assigned to experimental groups. Tempera- 
tures were measured using a subcutaneous implantable temperature transponder 
(BioMedic Data Systems). Ferrets were inoculated intranasally with 10° p.f.u. of 
virus in a 1 ml volume diluted in PBS, then monitored daily for changes in body 
temperature, weight and clinical signs of infection. Lethargy was measured as 
described previously’*. Any ferret that lost >25% of its pre-inoculation body 
weight or showed neurological dysfunction was euthanized and submitted to 
post-mortem examination. Nasal washes, conjunctival washes and rectal swabs 
were collected on alternate days post-inoculation (p.i.) or post-contact, immedi- 
ately frozen on dry ice and stored at —70°C until titration as previously 
described”*. Tissue specimens collected for virus titration were immediately frozen 
on dry ice and stored at —70 °C until titration as previously described'*. Blood was 
collected from inoculated ferrets on indicated days p.i. in EDTA Vacutainer tubes 
(BD) and complete blood counts were quantified using a Hemavet HV950FS 
instrument per the manufacturer’s instructions (Drew Scientific). 

For transmission experiments, ferrets were inoculated as described above. 
Approximately 24h after inoculation, a naive ferret was placed in the same cage 
as an inoculated animal (for assessment of virus transmission in the presence of 
direct contact) or in an adjacent cage with perforated side-walls (holes 1-5 mm in 
diameter, with cages spaced ~3 mm apart) to allow for air exchange between cages 
in the absence of direct or indirect contact (for assessment of virus transmission by 
respiratory droplets). The term ‘respiratory droplet transmission’ refers to virus 
transmission in the absence of direct or indirect contact and does not imply an 
understanding of the size of droplets or aerosols involved in the transmission 
events. To prevent inadvertent transmission in direct contact or respiratory drop- 
let experiments, investigators always handled the contact animals first, and decon- 
taminated all surfaces which came into contact with each ferret before handling 
the next animal. 

Whole-genome sequencing of nasal washes. RNA was extracted from nasal wash 
samples from the peak day of virus shedding presenting in the inoculated and 
respiratory droplet contact (2/6 for Anhui/1 ferrets, and 1/3 for Shanghai/1 virus 
experiment) ferrets and subjected to RT-PCR (PCR with reverse transcription) 
followed by DNA sequencing analysis. Obtained sequences obtained from all virus 
gene segments were compared with relevant virus sequences available from The 
Global Initiative on Sharing All Influenza Data (GISAID) database. 

Mouse experiments. Female BALB/c mice 6 to 9 weeks old were anaesthetized 
with an intraperitoneal injection of 0.15 ml of 2,2,2-tribromoethanol in tert-amyl 
alcohol (Avertin; Sigma-Aldrich) prior to virus inoculation. Intranasal inocula- 
tions were performed by instilling 50 jl of virus diluted in PBS onto the nares of the 
animals. The 50% mouse infectious dose (MID59, determined by virus detection in 


the lungs day 3 p.i) and 50% lethal dose (LD;9) were determined by inoculating 
groups of eight mice with serial 10-fold dilutions of virus. Three mice per dilution 
were euthanized on day 3 p.i., lungs were collected from each mouse, immediately 
frozen on dry ice, and stored at —70 °C. Tissues were thawed, homogenized in 1 ml 
cold PBS, and clarified by centrifugation prior to titration by standard plaque 
assay. Five mice per dilution were observed daily for 14 days for morbidity (as 
measured by weight loss) and mortality; any mouse which lost >25% of its pre- 
inoculation weight was euthanized. MIDs, and LDs9 values were determined 
following ref. 26. To investigate the ability of each virus to spread systemically 
in mice, an additional three mice were euthanized at days 3 and 6 p.i. from mice 
inoculated with 10° p-f.u. of each virus for collection of nose, lung and brain tissue, 
which were stored and processed as described above. 

Ocular inoculations were performed by lightly scarifying the right eye of the 
mouse with a corneal trephine and instilling 5 pl of virus (10° p.f.u.) onto the 
surface of the eye and massaging the virus into the eye with the eyelid as previously 
described”. An additional three mice were inoculated and euthanized on days 3 
and 6 p.i. for collection of eye, nose and lung tissue, which were stored and 
processed as described above. 

Cell culture and viral replication. The human bronchial epithelial cell line Calu-3 
(ATCC) was grown on membrane inserts as previously described”®. Cells were 
grown to confluence in six-well plates for 1 week until the confluent monolayer 
reached a stable transepithelial resistance of >1,000 Q cm”. Virus was added to 
cells apically in serum-free medium at a multiplicity of infection (MOI) of 0.01 for 
one hour before washing. Plates were incubated at either 37°C or 33°C for the 
duration of the experiment as indicated. Aliquots of culture supernatant taken p.i. 
were immediately frozen at —80 °C until titration. All samples collected for rep- 
lication kinetics were titrated for the presence of infectious virus by standard 
plaque assay in MDCK cells. 

Serology. HI assays were performed with ferret sera collected 16-20 days after 
inoculation or exposure to infected animals using 0.5% turkey erythrocytes against 
homologous virus”. 

Cytokine and chemokine quantification. Clarified mouse lung tissue homoge- 
nates were analysed with the BioPlex protein array system (Bio-Rad), according to 
manufacturer’s instructions. A minimum of three independent samples were 
collected and tested in duplicate for each condition. 

Glycan microarray analysis. Microarray printing and influenza virus analyses 
have been described previously’. A/Anhui/1/2013 virus was analysed at a HA titre 
of 512 while A/Shanghai/1/2013 was analysed at an HA titre of 256. Specific details 
on the glycans analysed in these studies are provided in Supplementary Table 1. 
Statistics. Statistical significance (P<0.05) for murine and ferret studies was 
determined by one-way analysis of variance (ANOVA) with a Bonferroni post- 
test. Statistical significance for in vitro studies was determined using the Mann- 
Whitney and Student’s t tests. All in vitro studies were conducted with sufficient 
sample size for statistical analyses performed; indicated tests were chosen as 
appropriate for each data set to be analysed and all data meet the assumptions 
of the tests. 
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Wild waterfowl form the main reservoir of influenza A viruses, from 
which transmission occurs directly or indirectly to various second- 
ary hosts, including humans’. Direct avian-to-human transmission 
has been observed for viruses of subtypes A(H5N1), A(H7N2), 
A(H7N3), A(H7N7), A(H9N2) and A(H10N7) upon human expo- 
sure to poultry” ’, but a lack of sustained human-to-human trans- 
mission has prevented these viruses from causing new pandemics. 
Recently, avian A(H7N9) viruses were transmitted to humans, caus- 
ing severe respiratory disease and deaths in China®. Because trans- 
mission via respiratory droplets and aerosols (hereafter referred to 
as airborne transmission) is the main route for efficient transmis- 
sion between humans, it is important to gain an insight into airborne 
transmission of the A(H7N9) virus. Here we show that although the 
A/Anhui/1/2013 A(H7N9) virus harbours determinants associated 
with human adaptation and transmissibility between mammals, its 
airborne transmissibility in ferrets is limited, and it is intermediate 
between that of typical human and avian influenza viruses. Multiple 
A(H7N39) virus genetic variants were transmitted. Upon ferret pas- 
sage, variants with higher avian receptor binding, higher pH of 
fusion, and lower thermostability were selected, potentially resulting 
in reduced transmissibility. This A(H7N9) virus outbreak highlights 
the need for increased understanding of the determinants of efficient 
airborne transmission of avian influenza viruses between mammals. 

At the end of March 2013, the World Health Organization was 
notified by the Chinese authorities of three human cases of infection 
with a novel avian-origin influenza A(H7N9) virus’. All three cases 
developed bilateral pneumonia with progression to acute respira- 
tory distress syndrome and death’®"’. As of July 2013, 132 A(H7N9) 
laboratory-confirmed cases have been reported in ten different pro- 
vinces of China, including 37 deaths*. This novel A(H7N9) virus 
emerged in humans after reassortment between viruses of poultry 
and wild bird origin. The haemagglutinin (HA) and neuraminidase 
(NA) genes are genetically related to H7 and N9 of viruses isolated from 
wild ducks, whereas the other genes are closely related to A(H9N2) 
viruses circulating in poultry’. It is most likely that the new A(H7N9) 
viruses have circulated undetected in domestic birds because of their low 
pathogenicity for poultry. A(H7N9) viruses were isolated from speci- 
mens at live poultry markets, pointing to domestic birds as a potential 
source of human infections”. 

Although A(H7N$9) viruses harbour genetic traits associated with 
human adaptation of avian viruses and increased transmission between 
mamumnals, such as the Q217L substitution in HA (H7 numbering, 226 
in H3 numbering) conferring a human receptor preference’* and the 
E627K substitution in PB2'°, no sustained human-to-human transmis- 
sion of A(H7N9) viruses has been reported so far. Apart from two 
confirmed cases that might have arisen from family clusters and for 
which human-to-human transmission cannot be ruled out, human 
cases of A(H7N$9) infection were epidemiologically unrelated and iden- 
tified in different parts of China". 


Gaining knowledge about the ability of animal viruses to transmit via 
the airborne route is crucial to be able to mitigate future pandemics. 
Recently, the airborne transmissibility of the human isolate A/Shanghai/ 
2/2013 was evaluated in ferrets and in pigs and was found to be less 
robust than for the 2009 pandemic A(H1N1) (pH1N1) virus’®. Here, we 
assessed the airborne transmissibility of a different human isolate, 
A/Anhui/1/2013 (Anhui/1), in the ferret model as described'”"*. Both 
A/Shanghai/2/2013 and A/Anhui/1/2013 possess human receptor spe- 
cificity and are of particular interest regarding transmission. Four donor 
ferrets were inoculated intranasally with 10° 50% tissue culture infec- 
tious doses (TCIDso) of Anhui/1 virus isolate and the following day, four 
recipient ferrets were placed in adjacent cages, designed to prevent direct 
contact between animals but to allow transmission via the airborne 
route. Throat and nasal swabs were collected at 1, 3, 5 and 7 days post- 
inoculation (d.p.i.) from the donor ferrets and at 1, 3, 5, 7 and 9 days post- 
exposure (d.p.e.) from the recipient ferrets. Virus shedding from the 
donor ferrets was detected from 1 d.p.i. onwards with infectious virus 
titres up to 10°° TCIDso ml! (Fig. la-d). Anhui/1 virus was transmitted 
to three out of four recipient ferrets (Fl, F2 and F3). Transmission was 
detected at 3 d.p.e. for two ferrets (F2 and F3) and at 5 d.p.e. for one 
ferret (F1) with infectious virus titres in respiratory swabs up to 10° 
TCIDs, ml~’. All three animals infected via the airborne route sero- 
converted by 2 weeks after exposure, whereas recipient ferret F4 did not 
seroconvert. Using the same experimental set-up and protocol, we 
previously tested the transmissibility of the human pHIN1 virus, sea- 
sonal human A(HI1N1) virus, and avian influenza A(H5N1) virus. 
Whereas A(H5N1) virus was not transmitted between ferrets via the 
airborne route, human influenza viruses were transmitted in all donor- 
recipients pairs’”’*. Replication in donor ferrets inoculated with the 
Anhui/1 virus and pandemic and seasonal A(H1N1) viruses was com- 
parable, but virus shedding from recipient ferrets was less abundant and 
delayed for the Anhui/1 virus as compared to the A(H1N1) viruses. 

Sanger sequencing was used to determine the consensus genome 
sequence of the three airborne-transmitted Anhui/1 viruses isolated 
from recipient ferrets Fl, F2 and F3 (Table 1), and substitutions were 
detected in all gene segments. Several of these were already present in 
the inoculum, demonstrating the presence of a mixture of viruses in the 
Anhui/1 virus isolate. Consultation with other laboratories revealed 
that heterogeneous virus mixtures were present in A(H7N9) virus 
isolates shipped to other laboratories also. Viruses with different geno- 
types were transmitted (Table 1). Only two substitutions, N123D and 
N149D in HA, were consistently found in all three airborne-transmitted 
viruses. These substitutions are not part of potential N-linked glyco- 
sylation sites. Virus recovered from the recipient ferret F1 at 7 d.p.e., 
which contained the lowest number of substitutions compared to the 
Anhui/1 virus isolate and had a high virus load, was used to inoculate 
four additional ferrets. One day later, these animals were paired with 
four recipient ferrets in transmission cages (Fig. le-h), of which one 
became infected (F5). 
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Figure 1 | Airborne transmission of Anhui/1 
viruses between ferrets. a—d, Transmission 
experiments are shown for Anhui/1 virus isolate 
in four ferret pairs (F1-F4). e-h, A nose swab 
sample from the recipient ferret F1 at 7 d.p.e. was 
used for the transmission experiments in four 
ferret pairs shown (F5-F8). Data for individual 
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None of the donor ferrets developed clinical signs upon intranasal 
inoculation. Two recipient ferrets were also without clinical signs, but 
one recipient ferret (F2) showed loss of appetite, ruffled fur, lethargy 
and breathing difficulties from 7 d.p.e. onwards. Recipient ferret F5 
became moribund and was euthanized at 8 d.p.e. Infectious virus titres 
up to 10*? TCIDso g- ‘inthe lungs and 10°° TCIDs9 g- in nasal turbi- 
nates were detected in ferret F5. On the basis of pathological analysis, 
this animal was suffering from a moderate multifocal suppurative 
rhinitis with associated virus antigen expression in the nasal respir- 
atory and olfactory epithelium (Supplementary Table 4). No lesions or 
virus antigen expression were seen in the other parts of the respiratory 
tract, liver or brain that could explain the lethargic state of the ferret. 
Consensus virus genome sequences as determined by Sanger sequen- 
cing of the airborne-transmitted viruses recovered from recipient fer- 
rets Fl and F5 were identical (Table 1). Substitutions N123D and 
N149D in HA and M5231 in the basic polymerase 1 (PB1) were found 
consistently in two subsequent transmission experiments. Because mixed 
populations were detected in the inoculum using Sanger sequencing, 
next-generation sequencing was performed with respiratory samples of 
the donor-recipient pairs for which airborne transmission was observed. 
The entire HA gene and the PB1 part that contained the M5231 substi- 
tution (nucleotide positions 1126-1616) were sequenced using a 454 
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sequencing platform (Roche). None of the airborne-transmitted viruses 
possessed consensus genome sequences identical to that of the Anhui/1 
virus isolate (Table 2). Interestingly, an L217Q substitution, conferring a 
receptor switch from human to avian specificity (02.6- to 02.3-linked 
sialic acids, respectively), was detected in donor ferrets F1, F2 and F3 in 
9.1%, 15.7% and 24.5% of the total number of reads, respectively, but this 
substitution was not detected in any of the viruses isolated from the ferrets 
upon airborne exposure. By setting the detection threshold at 1%, we 
confirmed that the number of variable nucleotide positions in the 
genome of the Anhui/1 virus isolate was high, and that a rapid gain 
in clonality occurred after two transmission experiments (Table 2 and 
Supplementary Table 1). The double substitution N123D/N149D in 
HA appeared to be selected in most airborne-transmitted viruses and 
constituted the main viral population after two subsequent transmis- 
sion experiments (Supplementary Table 2). Although there appeared 
to be selection of N123D and N149D, it was not possible to determine 
whether the selection occurred at the level of individual or double sub- 
stitutions. However, the rapid selection of substitutions in the HA and 
PB1 genes and the gain in clonality did not change transmission substan- 
tially enough to be detectable with the current group size of four ferrets. 

Residues N123 and N149 are adjacent to the receptor binding site 
but do not interact directly with «2.3- and «2.6-linked sialic acids 


Table 1 | Sanger sequence analysis of full viral genomes of the Anhui/1 virus inoculum and airborne-transmitted viruses 


Segment nt nt nt Amino acid Amino acid Amino acid Inoculum Transmission 1 Transmission 2 
position WT mut. position WT mut. 
Recipients 

Fl F2 F3 F5 
PB2 411 A G 128 Gly Ss Xx 
PB2 1017 Cc T 330 Phe S X* Xx 
PB2 1309 C T 428 Leu s Xx X 
PB2 1846 Cc T 607 Leu S x xX 
PB1 1593 G A 523 Met lle xX xX 
PB1 2055 G A 678 Ser Asn Xx 
PA 1070 A G 349 Glu Gly Xx 
PA 1167 C T 380 Asp § xX 
PA 1380 C T 452 His S X 
PA 1616 G A 531 Arg Lys xX 
PA 1674 G T 550 Leu s a 
PA 1776 Cc T 584 Cys S x 
HA 442 A G 123 Asn Asp X* xX X* xX xX 
HA 520 A G 149 Asn Asp X* xX X* xX xX 
HA 704 Cc A 210 Ala Glu x* 
NP 718 A Cc 225 lle Leu ae 
NA 46 Cc T 10 Thr lle x* x X* 
M 652 T Cc 225 Ala S x 
NS 180 Cc T 52 Leu s xX* 


Substitutions in bold were found in two subsequent transmission experiments and were phenotypically characterized. nt, nucleotides; S, silent substitution; WT, wild type. 


* Mixture of wild-type and mutant nucleotides. 
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Table 2 | Amino acid substitutions in the HA gene and the PB1 gene in Anhui/1 viruses before and after transmission in ferrets 


Gene nt nt nt Aminoacid Aminoacid Amino Inoculum* Donor* Recipient* Donor* Recipient* Donor* Recipient* Donor* Recipient* 
position WT mut. position WT acid (%/no. F1(%/no. F1(%/no. F2(%/no. F2 (%/no. F3 (%/no. F3(%/no. F5(%/no. F5 (%/no. 
mut. reads) reads) reads) reads) reads) reads) reads) reads) reads) 
HA 117 CG T 14 Thr s 19.5/ = = 12.5/ 20.3/ 72s 9.6/ = = 
6,629 7,954 10,349 4,763 5,364 
HA 257 Cc T 61 Thr lle 5,6/ - - - - 7 = - - 
8,142 
HAt 442+ At Gt 123+ Asnt+ Aspt+ = 48.7/ 14.4/ 99.8/ 37.4/ 28.5/ 36.5/ 90.1/ 99.8/ 99.9/ 
8,648+ 9,183+ 6,224+ 11,196+ 12,1394 6,810+ 8417+ LL576F 10,182+ 
HA 448 G A 125 Ala Thr 1.8/ = = 14.7/ 20.5/ 7.6/ 10.4/ 7 = 
7,740 10,044 10,733 6,088 7,250 
HAt 520¢ At Gt 149+ Asnt Aspt 62.5/ 17.9/ 99.9/ 50.4/ 28.6/ 61.2/ 90.4/ 99.7/ 99.7) 
6,163+ 6,/377 3,622+ 8447+ 7,818} 5,266+ 6,840+ 9,229+ 9,047+ 
HA 704 Cc A 210 Ala Glu - I25/ = 28.4/ 56.4/ 8.5/ - = 7 
3,903 4,804 4,109 3,359 
HAt 725t Tt At 217t Leut Glnt = 9.1/ = 15.7/ = 24.5/ = = = 
3,8314 4,749+ 3,322t 
HA 1032 G T 319 Lys Asn = = - 8.3/ = = = = = 
6,447 
HA 1218 Cc T 381 Asn S = 5.2/2,102 7 = - 23.4/ - 7 7 
1,963 
HA 1396 G A 441 Glu Lys - - - - 14.5/ - - - - 
2,299 
HA 1422 G A 449 Glu S = = = = = 12.6/ = = = 
4,027 
HA 1575 Cc T 500 Ser S 6.1/ = = = 15.5/ = 7.8/2,387 = = 
6,532 2,245 
HA 1706 T Cc NCR - - - - 93.0/470 - - - - - - 
PB18 1404 G A 460 Gln S 6.8/603 = = = = 11.9/1,024 = = = 
PB17 1593+ Gr At 5237 Mett llet = = 100/256+ - = = = 82.2/ 99.9/1,064+ 
1,795% 


NCR, non-coding region; S, silent substitution. 
* Percentage variant present with a detection threshold of 5% and number of reads is shown. 


+ Substitutions were found in two subsequent transmission experiments and were phenotypically characterized. 
t Substitution (L217Q) corresponds to the receptor switch from «2.6- to «2.3-linked sialic acids preference. 


§ The PB1 gene was partially sequenced (nucleotide positions 1126-1616). 


(Fig. 2). Recombinant viruses were generated based on seven gene 
segments of A/Puerto Rico/8/1934 (Puerto Rico/8) with the wild-type 
Anhui/1 HA and the Anhui/1 HA with amino acid substitutions 
N123D (Anhui/1(N123D)), N149D (Anhui/1(N149D)) and N123D 
plus N149D (Anhui/1(N123D/N149D)). Binding to «2.3-linked sialic 
acids of Anhui/1(N123D), Anhui/1(N149D) and Anhui/1(N123D/ 
N149D) viruses as assessed using a modified turkey red blood cell 
(TRBC) assay’? was increased slightly by two- to fourfold compared 
to Anhui/1 virus (Supplementary Table 3). 

It was recently proposed that stability of HA in an acidic environ- 
ment—such as mammalian nasal mucosa—is a determinant for air- 
borne transmissibility of influenza viruses”. It has also been noted that 


viruses that fuse at low pH have higher thermostability than those 
fusing at higher pH*'. We observed that fusion for Anhui/1 HA 
occurred at pH 5.6, a higher pH than reported previously for human 
viruses”. Neither the single N123D and N149D substitutions nor the 
double N123D/N149D substitution reduced the threshold pH for HA- 
mediated membrane fusion compared to the wild-type Anhui/1 HA 
(Supplementary Fig. 1). Both single substitutions N123D and N149D 
and the double substitution N123D/N149D decreased the temperature 
stability compared to Anhui/1 (Supplementary Fig. 2). 

We also assessed the effect of the M523] substitution on the poly- 
merase complex activity in mammalian cells using a minigenome assay 
at 33 °C, the temperature of the mammalian upper respiratory tract, 


Figure 2 | Cartoon representation of a model of the trimer structure of HA 
of Anhui/1 (red) and Anhui/1(N123D,N149D) (blue) bound to a2.6- 

(a) and @2.3-linked sialic acids (b). The structures of the three-sugar glycans 
NeuAca2,6Galf1-4GIcNAc (a) and NeuAca2,3Galf1-4GIcNAc (b) were 
docked into the H7 receptor binding site. The glycans and the amino acid 
substitutions discussed in the text are shown as sticks. Amino acids N123 and 
N149 are adjacent to the receptor binding site and, in Anhui/1, do not interact 
directly with the three-sugar glycans that are depicted in the figure. The 
mutations cause small changes in the position of some of the residues around 
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the receptor binding site, notably R121 and D148, and additionally for the «2,6- 
linked glycan, residues $128 and Q213. The D123 mutant can form stronger 
interactions with the side chain of R121, restricting the movement and 
orientating its side chain to point towards the receptor binding site and interact 
with the glycan. In Anhui/1, N149 interacts with the neighbouring residue, 
D148, restricting its orientation. The D149 mutant allows the side chain of 
D148 to rearrange and interact with the glycan. These changes allow both the 
02,6- and «2,3-linked glycans to alter position and form more interactions with 
the HA. All residues are labelled in H7 numbering. 
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and at 37 °C as previously described”’. No differences in polymerase 
activity were observed for the polymerase complex with or without the 
M523] substitution in PB1 (Supplementary Fig. 3). 

Here we report that airborne transmission of Anhui/1, as for 
A/Shanghai/2/2013, can occur between ferrets. Keeping in mind that 
quantifying transmission in our current experimental model is dif- 
ficult, and that any transmission may not be directly extrapolated to 
transmission between humans, these data suggest that Anhui/1 trans- 
mission is more efficient than for other avian influenza viruses, which 
are not airborne transmitted in ferrets, but less robust—with fewer 
animals becoming infected, and less and delayed virus shedding—as 
compared to seasonal and pandemic A(H1N1) virus transmission”. 
Despite efficient virus replication in ferrets (Fig. 1) and attachment to 
02.6-linked sialic acids (Supplementary Table 3), we speculate that the 
residual binding to «2.3-linked sialic acids (Supplementary Table 3), 
the fusion occurring at a relatively high pH (Supplementary Fig. 1), 
and instability of HA (Supplementary Fig. 2) may be responsible, at 
least in part, for limited transmission of Anhui/1 A(H7N9) virus. Con- 
trary to what was observed for A(H5N1) virus’*”°, the substitutions 
selected upon ferret passage and transmission of A(H7N9) virus—N123D 
and N149D—increased binding to «2.3-linked sialic acids, increased 
the pH threshold for membrane fusion, and decreased the thermo- 
stability of HA, thus not contributing to increased virus transmission. 

Influenza viruses carrying human adaptation markers can arise in 
poultry. This seems to be the case for the newly emerged A(H7N9) viruses, 
but also during the 2003 A(H7N7) outbreak in the Netherlands” and for 
A(H5N1) viruses currently circulating in poultry”. Fortunately, additional 
changes required to, for example, further tune receptor preference, lower 
the pH for HA fusion, and increase HA stability, may be needed for the 
A(H7N%9) viruses to transmit efficiently in mammals'*”°. Increased under- 
standing of the mechanisms and molecular determinants that facilitate 
crossing the species barrier and airborne transmission of avian influenza 
viruses between mammals is urgently needed. 


METHODS SUMMARY 

Viruses. Influenza virus Anhui/1 was isolated from a human case of infection and 
passaged three times in embryonated chicken eggs and once in Madin-Darby 
canine kidney (MDCK) cells. The virus was provided by the Chinese CDC via 
the WHO collaborating centre in the UK under the WHO PIP framework. A 
synthetic construct of the Anhui/1 HA gene segment was provided by R. Webby. 
The HA gene segment was cloned in the pCAGGs expression plasmid. The PB2, 
PB1, PA and NP gene segments were cloned in a modified version of the bidirec- 
tional reverse genetics plasmid pHW2000**”’. Mutations of interest (M5231 in PB1, 
D123N and D149N in HA) were introduced in constructs using the QuikChange 
multi-site-directed mutagenesis kit (Stratagene). Recombinant viruses containing 
seven gene segments of A/Puerto-Rico/8/1934 and wild-type or mutant Anhui/1 
HA were produced upon transfection of 293T cells. Virus stocks were propagated 
and titrated in MDCK cells as described”*. 

Ferret models. Transmission experiments were performed as described’”"*. In 
short, four female seronegative ferrets, 1-2 years of age, were inoculated intrana- 
sally with 10° TCIDso of virus. Each donor ferret was then placed ina transmission 
cage. One day after inoculation, one naive recipient ferret was placed opposite each 
donor ferret. Each transmission pair was housed in a separate transmission cage 
designed to prevent direct contact but allowing airflow from donor to recipient. 
Nose and throat swabs were collected on 1, 3,5 and 7 d.p.i. for donor ferrets and on 
1,3, 5,7 and 9 d.p.e. for recipient ferrets. Virus titres in swabs were determined by 
end-point titration in MDCK cells. A nose swab sample of recipient ferret F1 at 
7 d.p.e. was used for the second transmission experiment, with a final dose of 
approximately 10* TCIDs» for each ferret. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

Biocontainment. All experiments were conducted within the enhanced animal 
biosafety level 3 (ABSL3+) facility of Erasmus MC. The ABSL3+ facility consists 
of a negative pressurized (—30 Pa) laboratory in which all in vivo and in vitro 
experimental work is carried out in class 3 isolators or class 3 biosafety cabinets, 
which are also negative pressurized (<—200 Pa). Although the laboratory is con- 
sidered ‘clean’ because all experiments are conducted in closed class 3 cabinets and 
isolators, special personal protective equipment, including laboratory suits, gloves 
and FFP3 facemasks, is used. Air released from the class 3 units is filtered by high 
efficiency particulate air (HEPA) filters and then leaves via the facility ventilation 
system, again via HEPA filters. Only authorized personnel that have received the 
appropriate training can access the ABSL3+ facility. For animal handling in the 
facilities, personnel always work in pairs. The facility is secured by procedures 
recognized as appropriate by the institutional biosafety officers and facility man- 
agement at Erasmus MC and Dutch and United States government inspectors. 
Antiviral drugs (oseltamivir and zanamivir) are directly available’*. 

Viruses. Influenza virus A/Anhui/1/2013 (Anhui/1) was isolated from a human 
case of infection and passaged three times in embryonated chicken eggs and once 
in Madin-Darby Canine Kidney (MDCK) cells. The virus was provided by the 
Chinese CDC via the WHO collaborating centre in the UK in the context of the 
WHO PIP framework. A synthetic construct of the Anhui/1 HA gene segment was 
provided by R. Webby. The PB2, PB1, PA and NP gene segments were amplified 
by reverse transcription polymerase chain reaction (RT-PCR) from the Anhui/1 
virus isolate and cloned in a modified version of the bidirectional reverse genetics 
plasmid pHW2000*””. In addition, the HA gene segment was cloned in pCAGGs 
expression plasmid. Mutations of interest (M5231 in PB1, D123N and D149N in 
HA) were introduced in reverse genetics and pCAGGs vectors using the 
QuikChange multi-site-directed mutagenesis kit (Stratagene) according to the 
instructions of the manufacturer. Recombinant viruses containing seven gene 
segments of A/Puerto Rico/8/1934 and wild-type Anhui/l1 HA or Anhui/1 HA 
containing the mutations N123D and N149D were produced upon transfection of 
293T cells. Virus stocks were propagated and titrated in MDCK cells as described 
previously”*. 

Cells. MDCK cells were cultured in Eagle’s minimal essential medium (EMEM, 
Lonza) supplemented with 10% fetal bovine serum (FBS), 100 U ml’ penicillin 
(Lonza), 100 U ml streptomycin (Lonza), 2 mM glutamine (Lonza), 1.5 mg ml} 
sodium bicarbonate (Lonza), 10 mM HEPES (Lonza), and non-essential amino 
acids (MP Biomedicals Europe). 293T cells were cultured in Dulbecco modified 
Eagle’s medium (DMEM, Lonza) supplemented with 10% FBS, 100 U ml‘ peni- 
cillin, 100 U ml“ streptomycin, 2 mM glutamine, 1 mM sodium pyruvate (Gibco), 
and non-essential amino acids. Vero cells were cultured in Iscove’s modified 
Dulbecco’s medium plus L-glutamine (IMDM, Lonza) supplemented with 10% 
FBS, 1001U ml? penicillin, 100 mg ml“! streptomycin and 2 mM glutamine. 
Virus titration in MDCK cells. Virus titrations were performed as described 
previously’’. Briefly, MDCK cells were inoculated with tenfold serial dilutions of 
virus stocks, nose swabs, throat swabs and homogenized tissue samples. Cells were 
washed with PBS 1h after inoculation and cultured in 200 pl of infection media, 
consisting of EMEM supplemented with 100 U ml ' penicillin, 100 U ml strep- 
tomycin, 2mM glutamine, 1.5 mg ml — sodium bicarbonate, 10 mM HEPES, non- 
essential amino acids, and 20 ig ml i trypsin (Lonza). Three days after inoculation, 
supernatants of cell cultures were tested for haemagglutinating activity using turkey 
erythrocytes as an indicator of virus replication in the cells. Infectious virus titres 
were calculated from four replicates each of the homogenized tissue samples, nose 
swabs, and throat swabs and for ten replicates of the virus stocks by the method of 
ref. 28. 

Ferret models. An independent animal experimentation ethical review committee 
approved all animal studies. The Animal Experiments Committee (Dier Experi- 
menten Commissie, DEC) judges ethical aspects of projects in which animals are 
involved. Research projects or educational projects involving laboratory animals 
can only be executed if they are approved by the DEC. The DEC considers the 
application and pays careful attention to the effects of the intervention on the 
animal, its discomfort, and weighs this against the social and scientific benefit to 
humans or animals. The researcher is required to keep the effects of the interven- 
tion to a minimum, based on the following: refinement, replacement, reduction. 
All experiments with ferrets were performed under animal biosafety level 3+ 
conditions in class 3 isolator cages. No method of randomization was used to 
determine how animals were divided to the experimental groups. The investigator 
was not blinded to the group allocation during the experiments or when assessing 
the outcome. 

Airborne transmission experiments were performed as described previously 
In short, four female influenza virus and Aleutian disease virus seronegative adult 
ferrets, 1-2 years of age, were inoculated intranasally with 10° TCIDso of virus by 
applying 250 pl of virus suspension to each nostril. The sample size of four is based 


17,18 


on earlier calculations for this type of experiment”. Each donor ferret was then 
placed in a transmission cage. One day after inoculation, one naive recipient ferret 
was placed opposite each donor ferret. Each transmission pair was housed in a 
separate transmission cage designed to prevent direct contact but allowing airflow 
from the donor to the recipient ferret. Nose and throat swabs were collected on 1, 3, 
5 and 7 d.p.i. for donor ferrets and on 1, 3, 5, 7 and 9 d.p.e. for the recipient ferrets. 
Virus titres in swabs were determined by end-point titration in MDCK cells. A 
nose swab sample of recipient ferret F1 at 7 d.p.e. was used for the second trans- 
mission experiment, with a final dose of approximately 10* TCIDs» for each ferret. 
All animals were monitored daily for clinical signs. Necropsy was performed on 
one ferret that was moribund and due to ethical reasons was removed before the 
end of the experiment. Nasal turbinates, trachea, lungs, brain and liver were 
collected, homogenized in 3 ml of virus transport medium, after which the super- 
natant was collected and stored at —80°C. Virus titres in the supernatant were 
determined by end-point titration in MDCK cells. Duplicate samples of these 
tissues were fixed in 10% neutral-buffered formalin for pathological analysis. 
Serology. The exposure of recipient ferrets to Anhui/1 viruses was confirmed by 
an haemagglutination inhibition assay using standard procedures”. Briefly, blood 
of the recipient ferrets was collected 12-14 d.p.e. Antisera were pre-treated over- 
night with receptor-destroying enzyme (Vibrio cholerae neuraminidase) at 37 °C 
and incubated at 56 °C for 1h the next day. Twofold serial dilutions of the antisera, 
starting at a 1:20 dilution, were mixed with 25 ul of a virus stock containing 4 
haemagglutinating units and were incubated at 37°C for 30 min. Subsequently, 
25 tl 1% turkey erythrocytes were added and the mixture was incubated at 4 °C for 
1h. Haemagglutination inhibition was expressed as the reciprocal value of the 
highest dilution of the serum that completely inhibited agglutination of virus and 
erythrocytes. 

Sequencing. Viral RNA was extracted from respiratory swab samples collected 
from the ferrets that were infected via the airborne route and the virus inoculum, 
using the High Pure RNA Isolation kit (Roche). All eight gene segments of the 
influenza viruses were amplified by RT-PCR using eight primer sets that cover the 
full viral genome which specifically amplify each gene segment*', and sequenced 
using a BigDye Terminator v3.1 Cycle sequencing kit (Applied Biosystems) and a 
3130XL genetic analyser (Applied Biosystems), according to the instructions of the 
manufacturer. The consensus sequence was determined for viruses isolated from 
the following samples: virus inoculum obtained after three egg passages and one 
MDCK passage; recipient F1, nose swab 7 d.p.e.; recipient F2, throat swab 5 d.p.e.; 
recipient F3, nose swab 5d.p.e; and recipient F5, nose swab 5d.p.e. Primer 
sequences are available upon request. Sequences were compared to reference 
sequences obtained from the GISAID EpifluIM database (accession numbers 
EP1439503 through to EP1439510). 

Viral RNA was extracted from the virus inoculum and respiratory swabs of 
ferrets using the High Pure RNA Isolation kit (Roche). RNA was subjected to RT- 
PCR, using 5 primer sets (for HA: set 1 5’-AGCAAAAGCAGGGGATACAA-3’ 
and 5'-GTATGACTTAGTCATCTGCGG-3’; set 2 5'-GGCGGAATTGACAAG 
GAAGC-3' and 5’-CCACTATGATAGCAATCTCCTTCAC-3’; set 3 5'-GTG 
ACTTTCAGTTTCAATGGGGC-3’ and 5’-GATTCTCCATTGCTACCAAGA 
GTTC-3’; set 4 5'-CTAACCAACAATTTGAGTTAATAGAC-3’ and 5’-AGTA 
GAAACAAGGGTGTTTT-3’; for PB1: 5’-CAGCGGAAATGCTCGCAAAT-3’ 
and 5'-TTGAGCTGTTGCTGGTCCAA-3’) that amplify the region containing 
the PB1 M5231 mutation and the complete HA gene segment. These fragments, 
approximately 500-600 nucleotides in length, were sequenced using the Roche 454 
GS Junior sequencing platform. The fragment library was created for each sample 
according to the manufacturer’s protocol without DNA fragmentation (GS FLX 
Titanium Rapid Library Preparation, Roche). The emulsion PCR (Amplification 
Method Lib-L) and GS Junior sequencing run were performed according to 
instructions of the manufacturer (Roche). Sequence reads from the GS Junior 
sequencing data were sorted by barcode and aligned to reference sequence 
A/Anhui/1/2013 using CLC Genomics software 6.0.2. Primers used to amplify 
the fragments were trimmed at the 3’ and 5’ ends of the sequence reads. For quality 
control, sequence reads were trimmed at the 3’ end for Phred scores less than 30. 
The threshold for the detection of single nucleotide polymorphisms was manually 
set at 1% and 5%. 

Model generation. A model of the structure of the HA of Anhui/1 was built by 
using MODELLER” based upon the crystal structure of HA of H7N3 virus 
A/turkey/Italy/02 (Protein Data Bank code 1TI8). The N123D and N149D muta- 
tions were introduced into the structure using the program Andante’. Three- 
sugar glycans NeuAca2,6Galf1-4GIcNAc and NeuAcau2,3Galf1-3GlcNAc were 
docked into the binding site of the Anhui/1 HA structure and that of the Anhui/ 
1(N123D/N149D) HA structure. Several strategies were then used to explore the 
docking of the glycan within the binding pocket. Alternative glycan conformations 
were produced by altering the phi angle of the glycosidic bond between the second 
and third sugars, and the exploration of alternative side-chain conformations of 
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amino acids within the binding pocket was performed by using a rotamer search”. 
Lower energy structures were produced iteratively, until no further energy changes 
were seen. All simulations were performed using the University of Cambridge 
CAMGRID computing cluster”. 

Modified TRBC haemagglutination assay. Modified TRBC assays were per- 
formed as described previously*’. Briefly, all «2,3-, %2,6-, 2,8- and «2,9-linked 
sialic acids were removed from the surface of TRBCs by incubating 62.5 pl of 1% 
TRBCs in PBS with 50 mU Vibrio cholerae NA (VCNA; Roche) in 8 mM calcium 
chloride at 37 °C for 1 h. Removal of sialic acids was confirmed by observation of 
complete loss of haemagglutination of the TRBCs by control influenza A viruses. 
Subsequently, resialylation was performed using 0.25 mU of «2,3-(N)-sialyltransferase 
(COSMOBIO, bio-connect) or 12 mU of «2,6-(N)-sialyltransferase (COSMOBIO, 
bio-connect) and 1.5mM CMP-sialic acid (Sigma-Aldrich) at 37 °C in 75 pl for 
2h to produce «2,3-TRBC and «2,6-TRBC, respectively. After a washing step, the 
TRBCs were re-suspended in PBS containing 1% bovine serum albumin to a final 
concentration of 0.5% TRBCs. Resialylation was confirmed by haemagglutina- 
tion of viruses with known receptor specificity; recombinant viruses with six or 
seven gene segments of influenza virus A/Puerto Rico/8/1934 and the HA and 
NA of A/Vietnam/11/2004 H5N1 without the basic cleavage site or the HA of 
A/Netherlands/213/2003 H3N2. The receptor specificity of mutant viruses (recom- 
binant viruses with seven gene segments of influenza virus A/Puerto Rico/8/1934 
and the HA of Anhui/1 with or without the substitutions D123N and or D149N) 
was tested by performing a standard haemagglutination assay with the modified 
TRBCs. In brief, serial twofold dilutions of virus in PBS were made in a 50 pl 
volume; 50 tl of 0.5% TRBCs were added, followed by incubation for 1h at 4°C 
before determining the haemagglutination titre. 

Fusion assay. Influenza virus HA-induced cell fusion was tested in Vero-118 cells 
transfected with 5g of pCAGGs-HA using Xtremegene transfection reagent 
(Roche). One day after transfection, cells were collected using trypsin-EDTA 
and plated in 6-well plates. The next morning, cells were washed and medium 
was replaced with IMDM medium containing 10 ug ml | of trypsin. After 1h, 
cells were washed with PBS and exposed to PBS at pH 5.0, 5.2, 5.4, 5.6, 5.8, or 6.0 
for 10 min at 37 °C. Subsequently, the PBS was replaced by IMDM supplemented 
with 10% FBS. Eighteen hours after the pH shock, cells were fixed using 80% ice- 
cold acetone, washed, and stained using a 20% Giemsa solution (Merck Millipore). 
HA stability assay. The stability of HAs from the mutant viruses (recombinant 
viruses with seven gene segments of influenza virus A/Puerto Rico/8/1934 and the 
HA of Anhui/1 with or without the substitutions N123D and/or N149D and the 
HA of H5N1 A/Indonesia/5/2005 (INDO) with and without the substitution 
T3181) was evaluated by performing a thermostability assay. In short, viruses were 
diluted to 64 HA units per 25 pl using PBS. The samples were incubated in a 
thermal cycler for 30 min at a temperature of 50°C, 52 °C, 54°C, 56 °C and 58 
°C. Subsequently, the HA titre was determined by performing a haemagglutina- 
tion assay using turkey erythrocytes. 
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Minigenome assay. A model viral RNA (vRNA), consisting of the firefly luciferase 
open reading frame flanked by the non-coding regions (NCRs) of segment 8 of 
influenza A virus, under the control of aT7 RNA polymerase promoter was used 
for minigenome assay’*. The reporter plasmid (0.5 1g) was transfected into 293T 
cells in 6-well plates, along with 0.5 ,1g of each of the pHW2000 plasmids encoding 
PB2, PBI, PA and NP, and 1 pg of pAR3132 expressing T7 RNA polymerase and 
0.02 pg of the Renilla luciferase expression plasmid pRL (Promega) as an internal 
control. At 48 h after transfection, luminescence was measured using the Dual-Glo 
Luciferase Assay System (Promega) according to instructions of the manufacturer 
in a TECAN Infinite F200 machine (Tecan). Relative light units (RLU) were 
calculated as the ratio of Firefly and Renilla luciferase luminescences. 

Pathology and immunohistochemistry. After fixation in 10% neutral-buffered 
formalin, tissues were embedded in paraffin, sectioned at 3 j1m, and stained with 
haematoxylin and eosin for the detection of histological lesions by light micro- 
scopy. For the detection of virus antigen by immunohistochemistry, tissues were 
stained with a monoclonal antibody against influenza A virus nucleoprotein as the 
primary antibody as described previously’’. After determining the cell types expres- 
sing viral antigen, the percentage of positively staining cells per tissue was estimated 
and ranked on an ordinal scale: 0, 0% of cells; 1, 1-25%; 2, 25-50%; 3, >50%. 
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Wapl is an essential regulator of chromatin structure 
and chromosome segregation 
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Mammalian genomes contain several billion base pairs of DNA 
that are packaged in chromatin fibres. At selected gene loci, cohesin 
complexes have been proposed to arrange these fibres into higher- 
order structures'~’, but how important this function is for deter- 
mining overall chromosome architecture and how the process is 
regulated are not well understood. Using conditional mutagenesis 
in the mouse, here we show that depletion of the cohesin-associated 
protein WapIl*” stably locks cohesin on DNA, leads to clustering of 
cohesin in axial structures, and causes chromatin condensation in 
interphase chromosomes. These findings reveal that the stability of 
cohesin-DNA interactions is an important determinant of chroma- 
tin structure, and indicate that cohesin has an architectural role in 
interphase chromosome territories. Furthermore, we show that regu- 
lation of cohesin-DNA interactions by Wap] is important for embryo- 
nic development, expression of genes such as c-myc (also known as 
Myc), and cell cycle progression. In mitosis, Wapl-mediated release of 
cohesin from DNA is essential for proper chromosome segregation 
and protects cohesin from cleavage by the protease separase, thus 
enabling mitotic exit in the presence of functional cohesin complexes. 

Chromosome segregation depends on sister chromatid cohesion 
mediated by cohesin (reviewed in ref. 10), whose subunits Smcl1 (also 
known as Smcla), Smc3 and Sccl (also known as Rad21 or Mcd1) 
embrace DNA strands as a ring"’. In mitotic prophase, cohesin is removed 
from chromosome arms by Wapl*”, which might open the Smc3-Scc1 
interface’®'*”, and in metaphase cohesin is removed from centromeres 
by separase, which opens the cohesin ring by cleaving Sccl (refs 14, 15). 
Separase is essential for sister chromatid separation'*'*"*, but it is unclear 
whether Wapl is also required for this process, despite the fact that 
Wapl releases the bulk of cohesin from chromosomes. 

Cohesin also associates with unreplicated DNA, presumably because 
cohesin has additional functions in gene regulation’”’. These have been 
proposed to depend on long-range chromatin interactions that are media- 
ted by cohesin together with the transcription factors CCCTC-binding 
factor (CTCF) and mediator'’’. How important cohesin-mediated chro- 
matin interactions are for the structural and functional organization of 
mammalian genomes, and how these interactions are regulated to 
allow changes in chromatin structure and gene expression, are poorly 
understood. We therefore analysed whether Wapl is required for relea- 
sing cohesin from DNA not only in mitosis but also in interphase, and 
whether the regulation of cohesin-DNA interactions by Wapl is important 
for chromatin structure, gene regulation and chromosome segregation. 

For this purpose, we generated mice in which the Wapl (also known 
as Wapal) alleles were replaced by ‘floxed’ alleles (Wap!"), which can 
be converted by Cre recombinase into Wap!“ ‘null alleles lacking exons 
3.and4 (called Wapl after germline transmission; Supplementary Fig. 1a, b 
and Methods). No Wapl ’ ~ mice were born (data not shown), indicating 


that Wapl is essential for development. We therefore used mouse 
embryonic fibroblasts (MEFs), in which Wap!" is deleted after 4- 
hydroxytamoxifen (4-OHT) activation of the fusion protein between 
Cre and the oestrogen receptor (Cre-ER(T2)). When these cells, arres- 
ted in a quiescent state (GO) by serum starvation, were treated with 4- 
OHT, Wapl levels decreased over 7 days (Fig. 1a, b and Supplementary 
Fig. 1c, d). Fluorescence recovery after photobleaching (FRAP) ana- 
lysis revealed that Wap! deletion increases the chromatin-residence 
time of cohesin by more than 20-fold: in quiescent Wapl “" MEFs, 
Sccl tagged with green fluorescent protein (Sccl-GFP) bound to chro- 
matin for 25+9min (mean +s.d., n= 8), but in Wapl '“ MEFs, 
73 + 9% of Sccl-GFP had a chromatin-residence time of 540 + 240 
min (n = 10; Fig. 1c and Supplementary Fig. 2). Consequently, most 
cohesin accumulated on chromatin (Fig. 1d). Wapl is therefore essen- 
tial for the proper release of cohesin from chromatin. 

Unexpectedly, immunofluorescence microscopy (IFM) experiments 
revealed that Wapl depletion changes cohesin localization: cohesin was 
located in most chromatin areas of quiescent Wapl*’ A MEFs, but in 
80% of Wap! '“ MEFs cohesin was enriched in elongated nuclear struc- 
tures, which we call vermicelli (Italian for ‘little worms’; Fig. le and 
Supplementary Fig. 3). Vermicelli were also seen by live-cell imaging, 
ruling out fixation artefacts (Supplementary Fig. 4). CTCF was partially 
enriched in vermicelli, whereas histone H2B localization remained 
unchanged (Supplementary Fig. 5). Co-staining of chromosome 11 
and cohesin by fluorescence in situ hybridization (FISH) and IFM, 
respectively, suggested that one vermicello is present per chromosome 
territory (n = 3) (Supplementary Fig. 6a, b). Labelling of individual 
chromosomes with Cy3-dUTP confirmed this (n = 31 chromosomes) 
(Fig. 1f, g and Supplementary Fig. 6c, d). These results indicate that in 
Wapl-deficient cells, cohesin is located in an axial chromosomal 
domain that might extend from one telomere to the other. Wapl deple- 
tion and stabilization of cohesin on DNA could either promote inter- 
actions between cohesin complexes, or enhance an effect that cohesin 
might have on chromatin structure, such as intra-chromatid loop for- 
mation, and lead to cohesin clustering indirectly (Fig. 1h, i). 

Chromatin immunoprecipitation and Solexa DNA sequencing (ChIP- 
seq) showed that most cohesin and CTCF sites remained unchanged 
after Wapl depletion (Supplementary Fig. 7), suggesting that vermi- 
celli are composed of cohesin sites that also exist in Wapl-proficient cells. 
We therefore analysed whether vermicelli are also present in wild-type 
cells. Although most cohesin had a fine-punctate distribution in chro- 
matin, we observed short axial staining patterns in Wapl'’* MEFs and 
HeLa cells. The axial cohesin staining overlapped only partially with 
H2B (data not shown), and became more prominent after Wap] RNA 
interference (RNAi; Supplementary Fig. 8), indicating that some cohe- 
sin is also located in axial domains in wild-type chromosomes. 
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Figure 1 | Wapl depletion reveals arrangement of cohesin in axial 
chromosomal domains. a, Protocol for Wap! deletion by 4-OHT in G0-phase 
MEFs. b, Immunoblot of protein extracts from MEFs of indicated genotypes, 
treated as in a. Loading denotes unidentified protein cross-reacting with Wapl 
antibodies. c, FRAP analysis of MEFs expressing Sccl-GFP. The difference in 
fluorescence intensity between bleached and unbleached regions is plotted 
against time. Black dots denote mean values; error bars denote s.d. 

d, Immunoblot of whole-cell extracts (WCE), supernatant (SN) and pellet (P) 
fractions from MEFs. «-tub, «-tubulin. e, Microscopy images of non- 
preextracted MEFs stained for Sccl. Scale bar, 10 um. f, Maximum intensity 
projections of confocal z-stack images of MEFs in which chromosome 
territories were labelled with Cy3-dUTP, and stained for Sccl. Maximum 
projection was restricted to z-planes encompassing Cy3-dUTP signals. Scale 
bar, 5 um. g, Magnified images of regions boxed in f. Scale bar, 1 um. 

h, i, Alternative hypothetical models for how Wapl depletion might cause 
vermicelli formation and chromatin compaction. 


Wapl depletion also had major effects on chromatin structure: in 
FISH experiments, chromosome 11 occupied a significantly smaller 
median volume in Wap! '“ MEFs (7 X 10° voxel) than in WapI*/* 
MEFs (8 X 10° voxel; Supplementary Fig. 6a, b). Giemsa staining 
showed that chromatin appeared more condensed in 78.5% of Wapl '“ 
MEFs (Fig. 2a, b). A ‘granularity index’ analysis of 4',6-diamidino-2- 
phenylindole (DAPI)-stained cells (see Methods) confirmed this (Fig. 2c 
and Supplementary Fig. 6e). By contrast, no changes in the distribution 
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of heterochromatin protein la (HP1«), histone H3 trimethylated on 
K9 (H3K9me3), the condensin subunit Smc2, and topoisomerase-IIa 
and topoisomerase-IIf could be detected in IFM and immunoblotting 
experiments (data not shown). Partial cohesin depletion by Sccl RNAi 
reduced chromatin condensation in Wapl ‘“ MEFs (Fig. 2). These 
observations indicate that Wapl deficiency causes chromatin compac- 
tion by stabilizing cohesin on DNA, and not indirectly. The compac- 
tion state of interphase chromatin, therefore, depends on the stability 
of cohesin-DNA interactions, which is controlled by Wapl. 

When stimulated with serum, quiescent Wap!’ '“ MEFs failed to pro- 
liferate (Fig. 3a). IFM experiments in which cells were released from 
quiescence in the continuous presence of bromodeoxyuridine (BrdU; 
Supplementary Fig. 9a, b) showed that fewer Wap! '“ than Wapl*/“ 
MEFs incorporated BrdU. Wap!‘ cells that had been able to enter $ 
or G2 phase also contained residual Wapl (data not shown), indicating 
that cells fully depleted of Wapl do not replicate DNA. Degradation of 
cyclin-dependent kinase inhibitor p27“! and cyclin A2 expression 
were reduced in Wapl '“ MEFs (Supplementary Fig. 9c), indicating 
that Wapl is required for G1-phase progression. To test whether Wapl 
is also needed for DNA replication, we depleted Wapl from Xenopus 
egg extracts. This did not abrogate DNA replication (Supplementary 
Fig. 10), indicating that Wapl deficiency prevents S phase indirectly by 
interfering with exit from quiescence and/or G1 progression. 

Because cell cycle progression depends on transcription, we tested 
whether Wapl is required for gene regulation. As serum stimulates 
proliferation in Wapl-proficient but not Wapl-deficient cells, we ana- 
lysed quiescent cells to avoid indirect cell cycle effects (Supplementary 
Fig. 3). When we compared the levels of 21,169 RefSeq messenger 
RNAs between Wapl*/“ and Wap! ‘“ MEFs using DNA microarrays, 
we found 1,152 differentially expressed genes (DEGs; 469 upregulated, 
683 downregulated), including the cell cycle transcription factor c-Myc, 
the mRNA of which was reduced fourfold (Supplementary Fig. 11). 
Wap! /“ MEEFs in which c-Myc was expressed ectopically still did not 
proliferate, but entered the S and G2 phase more frequently (Supplemen- 
tary Fig. 12), indicating that Wapl enables cell cycle progression in part 
by promoting c-Myc expression. Wapl depletion increased the mean 
Smc3-ChIP read density at the transcription start site (TSS) of many 
downregulated genes, including c-myc, and at non-TSS cohesin sites 
(Supplementary Fig. 13), indicating that Wapl depletion downregu- 
lates some genes by stabilizing cohesin on DNA. However, Wap! deple- 
tion decreased the mean Smc3-ChIP read density at the TSSs of most 
upregulated genes (Supplementary Fig. 14). How Wapl affects cohesin 
at these genes and increases their expression remains to be determined, 
but our results raise the possibility that changes in gene expression 
depend on the regulation of cohesin-DNA interactions by Wapl. Pre- 
cedence for the regulatability of cohesin-DNA interactions comes from 
the observation that sister chromatid cohesion depends on inhibition of 
Wapl by sororin”, which stabilizes cohesin on DNA”, and from the 
finding that Wapl-mediated cohesin release is activated in prophase’. 

To investigate whether Wapl is required for mitosis, we analysed 
mitotic progression by IFM in Wapl /“ MEFs containing sufficient 
Wapl to support one round of cell division (Fig. 3b and Supplementary 
Fig. 15a—d). In these cells, chromosome bridges occurred frequently in 
anaphase and telophase and many cells became bi-nucleated (Fig. 3c-e 
and Supplementary Fig. 15e-g). Although partial Sccl depletion by 
RNAi reduced the chromosome bridge frequency (Fig. 3f), we were 
unable to detect Sccl on these bridges (Fig. 3d and Supplementary Fig. 
16a, c). The chromosome bridge phenotype therefore depends on 
cohesin, but may not be caused by an inability of Wapl-depleted cells 
to remove cohesin from chromosomes at anaphase onset. Instead, 
Wap! depletion might cause chromosome bridges by preventing the 
release of cohesin in early mitosis, which might be required for de- 
catenation of sister chromatids’. Consistently, at least one chro- 
mosome bridge in 54.5 + 14.9% of Wapl-deficient MEFs contained 
the Bloom syndrome helicase (BLM) (Fig. 3g; triplicate experiments; n 
cells with bridges = 86), which has been implicated in de-catenation™* 
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Figure 2 | Wapl controls chromatin structure 
by regulating cohesin-DNA interactions. 
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Figure 3 | Wapl is essential for cell cycle progression and proper 
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bridge frequency in MEFs from c and d, shown as the mean and s.d. of three 
experiments ( = 100 per condition; *P < 0.05, two-tailed Student’s t-test). 

f, Quantification of chromosome bridge frequency in Wap! /“ MEFs treated 
with Scc1 or control siRNA, shown as the mean and s.d. of three experiments 
(n= 156 per condition; P< 0.05). g, IFM images of Wapl 
48h after GO release (b), co-stained for BLM and H3S10ph. Scale bar, 10 im. 
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Figure 4 | The prophase pathway of cohesin dissociation protects cohesin 
from cleavage by separase. a, Microscopy images of Giemsa-stained 
prometaphase chromosomes from MEFs of indicated genotypes. Diplo, 
diplo-chromosomes (1 = 100 prometaphase cells). Scale bar, 10 um. b, IFM 
images of metaphase and anaphase MEFs co-stained for DAPI, Sccl and cyclin B1. 
Scale bar, 10 Lum. ¢, Immunoblot of extracts from MEFs expressing Sccl-9myc 
synchronized in GO, prometaphase (0 min) or anaphase (15 min). White and black 


(for further characterization of these bridges, see Supplementary Fig. 17). 
Therefore, proper sister chromatid separation in anaphase depends on 
early mitotic release of cohesin from chromosomes by Wapl. 

In Wap! '“ MEFs from which soluble proteins had not been pre- 
extracted, Sccl was located on chromosomes in metaphase but cyto- 
plasmically in anaphase (n = 200), indicating that Wapl deficiency 
delays cohesin release from prophase to anaphase onset (Fig. 3c, d). 
To test whether separase is required for releasing cohesin from chro- 
mosomes in Wapl-depleted cells, we analysed MEFs in which both the 
Wapl and separase (also known as Espl1) genes were deleted. Chromo- 
some spread analysis confirmed that Wapl and separase deficiency 
prevent chromosome arm separation in prometaphase*” and centro- 
mere separation in anaphase, respectively, leading to diplo-chromosome 
formation owing to mitotic exit with unseparated sister chromatids in 
separase-depleted cells!”'*. Prometaphase Wapl '“ separase / cells 
showed a combination of both phenotypes, including diplo-chromosomes 
with unseparated arms (Fig. 4a and Supplementary Fig. 18a), indicative 
of defects in arm and centromere separation. IFM analysis revealed 
that in Wapl “ separase '“ MEFs, sister chromatids remained con- 
nected and cohesin persisted on chromosomes even when cells exited 
mitosis, as measured by a decrease in cyclin B1 levels and re-localization of 
aurora B from centromeres to mid-spindles (Fig. 4b and Supplementary 
Fig. 18b-d). Separase is therefore required for releasing cohesin from 
both centromeres and chromosome arms in Wapl-depleted cells. 


Early G1/preextracted 


Telophase Early G1 


arrowheads and asterisk indicate full-length Sccl-9myc, an anaphase-specific 
cleavage product of Sccl-9myc, and a cross-reacting band, respectively. d, IFM 
images of preextracted early G1-phase MEFs co-stained for DAPI, aurora B and 
Sccl. Scale bar, 10 jum. e, Quantification of Sccl immunofluorescence (IF) signals 
from MEFs analysed as in d. Magenta bars denote means of three experiments. 
Dots denote single data points (n > 37 per condition; *P < 0.0001, two-tailed 
Student's t-test). +/A and —/A indicate Wapl*/ and Wapl~““, respectively. 


We noticed that separase cleaved more Sccl in Wapl-depleted 
cells than in non-depleted cells, presumably because separase cleaves 
chromosome-bound but not soluble cohesin’>” (Fig. 4c; note that these 
cells also contained uncleaved Sccl, possibly because cells had been 
treated only for two days with 4-OHT and thus contained residual 
Wapl, and/or because in these experiments only 35% of MEFs entered 
anaphase after release from the prometaphase arrest; Supplementary 
Fig. 16a—d). This suggested that Wapl-deficient cells might exit mitosis 
with less intact cohesin and can, therefore, not load as much cohesin 
onto chromatin as normally in the next cell cycle. Indeed, IFM analysis 
showed that significantly less chromatin-bound Sccl was detectable in 
Wap! “ than in Wapl*/“ MEFs in telophase and G1 phase (Fig. 4d, e 
and Supplementary Fig. 16e; note that in this experiment Wapl was 
depleted more efficiently than in Fig. 4c by treating cells for 7 days with 
4-OHT, presumably causing more Sccl cleavage than in Fig. 4c). These 
results show that the prophase pathway of cohesin dissociation allows 
mitotic exit in the presence of functional cohesin, enabling it to function 
early in the next cell cycle. 

Our findings that Wapl depletion ‘locks’ cohesin on chromatin in a 
stably bound state and alters chromatin compaction to a degree that can 
be seen by light microscopy, indicate that the stability of cohesin-DNA 
interactions is an important determinant of chromatin structure, perhaps 
because the residence time of cohesin on DNA determines whether 
and for how long intra-chromatid loops can be formed (Fig. 1h, i). The 
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role of Wapl in chromatin structure may be evolutionarily conserved, 
as alterations in chromosome morphology have been observed in fruit- 
fly and yeast Wapl (wapl and RAD61, respectively) mutants****. Our 
observation that cohesin complexes form axial structures (vermicelli) 
in interphase chromosomes of Wapl-depleted cells, and to a lesser 
degree in wild-type cells, indicates that cohesin has an architectural 
role in the organization of interphase chromosome territories. Similar 
roles have been proposed for cohesin and the related condensin com- 
plexes in meiotic and mitotic chromosomes, respectively”””’. Because 
cohesin-related complexes exist in all kingdoms of life, the architec- 
tural role of cohesin that we propose here for interphase chromosomes 
may represent an ancient function that may have helped to organize 
DNA in chromosomes already before nucleosomes existed. 


METHODS SUMMARY 

Generation of conditional Wap] allele. The conditional Wap allele (Wapl! ) was 
generated by inserting /oxP sites into introns 2 and 4 to allow Cre-mediated exci- 
sion of exons 3 and 4 (Supplementary Fig. 1). Correctly targeted embryonic stem cell 
clones were identified by Southern blotting of EcoRI- and SacI-digested genomic 
DNA to confirm the presence of 5’ and 3’ loxP sites, respectively (data not shown). 
Cell culture. Immortalized MEFs (iMEFs) were used for the fractionation experi- 
ments in Fig. 1d, the nucleotide labelling experiment in Fig. 1f, and for experiments 
in which tagged versions of Sccl were stably expressed. All the other experiments 
were performed in primary MEFs from embryonic day (E)13.5 embryos. MEFs 
and iMEFs were cultured as described’. 

To synchronize MEFs or iMEFs in quiescence and to activate CreER(T2), cells 
were first cultured to confluence and then serum starved for 7 or 2 days (corres- 
ponding to day 10 and 5 in Fig. 1a, respectively) with optiMEM media (Invitrogen) 
supplemented with 2% charcoal/dextran-treated serum (Hyclone), 100U ml”! 
penicillin (Sigma), 100 pg ml | streptomycin (Sigma) and 0.5 1M 4-OHT (Sigma, 
10 mM stock in ethanol). Cells were split and released in fresh medium (10% serum) 
for cell cycle analysis. 

Cells were enriched in prometaphase of mitosis by nocodazole (Sigma) treat- 
ment for 5 hat 300ng ml’ (Fig. 4a) or 200 ng ml _* (Fig. 4c). Cells were either con- 
tinuously labelled (Supplementary Fig. 9a) or pulsed (2 h) (Supplementary Fig. 12f) 
with 40 uM BrdU (Sigma). 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

Generation of conditional Wapl allele. The conditional Wap allele (Wapl!" ) 
was generated by inserting JoxP sites into introns 2 and 4 to allow Cre-mediated 
excision of exons 3 and 4 (Supplementary Fig. 1). Correctly targeted embryonic 
stem-cell clones were identified by Southern blotting of EcoRI- and SaclI-digested 
genomic DNA to confirm the presence of 5’ and 3’ loxP sites, respectively (data 
not shown). 

Mice. The conditional and null Wapl mice were generated by crossing with FLPe 
mice*! and MORE mice”, respectively. Separase mice'*, Rosa26CreER(T2) mice*’, 
and H2B-GFP transgenic mice™ have been described. Mice were hybrids between 
C57BL/6 and 129 strains. 

Cell culture. Immortalized MEFs (iMEFs) were used for the fractionation experi- 
ments in Fig. 1d, the nucleotide labelling experiment in Fig. 1f, and for experiments 
in which tagged versions of Sccl were stably expressed. All other experiments were 
performed in primary MEFs from embryonic day (E)13.5 embryos. MEFs and 
iMEFs were cultured as described'®. Wap! “" Rosa26 ®®“” (12+ iMEFs stably expres- 
sing mouse Scc1 (CDNA) tagged with nine Myc epitopes (Sccl-9myc), eGFP (Sccl- 
eGFP) or Dronpa (Sccl-Dronpa)'*, or mouse Sccl (BAC RP23-375K15) fused to 
the LAP tag (Sccl-LAP)”*° were generated as described. 

To synchronize MEFs or iMEFs in quiescence and to activate CreER(T2), cells 
were first cultured to confluence and then serum starved for 7 or 2 days (corres- 
ponding to day 10 and 5 in Fig. 1a, respectively) with optiMEM media (Invitrogen) 
supplemented with 2% charcoal/dextran-treated serum (Hyclone), 100U ml’ 
penicillin (Sigma), 100 pg ml | streptomycin (Sigma) and 0.5 1M 4-OHT (Sigma, 
10 mM stock in ethanol). Cells were split and released in fresh medium (10% serum) 
for cell cycle analysis. 

Cells were enriched in prometaphase of mitosis by nocodazole (Sigma) treat- 
ment for 5 h at 300 ng ml’ (Fig. 4a) or 200 ng ml _* (Fig. 4c). Cells were either con- 
tinuously labelled (Supplementary Fig. 9a) or pulsed (2 h) (Supplementary Fig. 12f) 
with 40 1M BrdU (Sigma). 

MEFs used in Fig. 4a were infected with AdCre-expressing virus’* and collected 
48h after infection for chromosome spread and Giemsa staining”, as described. 
Plasmids for c-Myc rescue experiments (Supplementary Fig. 12) have been descri- 
bed previously”. 

Nucleotide labelling of interphase chromosome territories. To incorporate Cy3- 
dUTP in iMEFs, cells were grown on Lab-Tek chambered coverglass and synchro- 
nized at the G1/S transition by 2 days serum starvation followed by 42 h incubation 
in growing medium containing 1 jg ml aphidicolin (Sigma-Aldrich). Immediately 
after aphidicolin release, the cell layer, bathed with growing medium containing 
10 pM Cy3-dUTP (GE Healthcare), was scratched using the tip of a syringe needle 
to allow nucleotide loading** and integration to the DNA during replication. After 
4 days in growing medium and owing to the successive cell divisions, each nucleus 
contained only a few labelled chromosomes, each of them appearing as a dense 
group of fluorescent spots by light microscopy as described”. Cells were then serum 
starved in presence of 4-OHT for 7 days and imaged. 

Antibodies. Most of the antibodies have been used at 1 pg ml ', except where 
otherwise indicated. 

Immunofluorescence. Rabbit anti-myc (myc (527), Peters laboratory ID A957)", 
mouse anti-myc (myc (9E10), Peters laboratory ID A668)'°, mouse anti-BrdU (BD 
347580), mouse anti-BrdU (Caltag MD5110, 1:500), rabbit anti-Wapl (AfR266- 
3L, a gift from T. Hirano, 1:250), chicken anti-GFP (Abcam ab13970), rabbit anti- 
CTCF (CTCF-35, Peters laboratory ID A992), rabbit anti-cyclin B1 (Cell Signaling 
4138S), mouse anti-aurora B (BD 611083), mouse anti-Sccl (UPSTATE 05-908), 
rabbit anti-Sccl (Sccl (623) Peters laboratory ID A900)’*, rabbit anti-H3S10ph 
(Millipore 06570, 1:500), mouse anti-H3S10ph (Cell Signaling 9706L, 1:100), 
rabbit anti-BLM (Abcam ab476, 1:200), rat anti-RPA32 (Cell Signaling 4EA, 
1:200) and Alexa fluorophore (488, 568, 633)-conjugated antibodies were used 
(Molecular Probes, 1:1,000). 

Western blotting. Rabbit anti-Wapl (hWapl (4748), Peters laboratory ID A960; 
hWapl (4749), Peters laboratory ID A961)’, goat anti-H3 (Santa Cruz sc-8654), 
rabbit anti-cyclin A (Santa Cruz sc-596), mouse anti-Sccl (UPSTATE 05-908), 
rabbit anti-Smc3 (Bethyl A300-060A), rabbit anti-Smcl (Bethyl A300-055A), 
mouse anti-tubulin (Sigma B512), rabbit anti-p27 (a gift from M. Barbacid, 
1:250) and rabbit anti-CTCF (CTCF-35, Peters laboratory ID A992) were used. 
Chromatin immunoprecipitation. Rabbit anti-Smc3 (Bethyl A300-060A)” and 
rabbit anti-CT'CF (UPSTATE 07-729)**! have been described. Methods for sub- 
cellular fractionation and western blotting’ have been described. 
Immunofluorescence and immuno-FISH. Cells were grown on 22-mm glass 
coverslips (Menzel), fibronectin-coated slides (BD Biosciences), Lab-Tek cham- 
bered coverglass (Nunc), or spun onto glass slides (Menzel) using a Cytospin cen- 
trifuge (Shandon), fixed with 4% paraformaldehyde (PFA) and stained as described”*. 
Where indicated, cells were extracted using 0.1% Triton X-100 for 2 min before 
fixation. BrdU staining was performed as described” except that cells were fixed 
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with 4% PFA instead of 70% ethanol. RPA32 and BLM staining was performed as 
described*. 

For immuno-FISH experiments, MEFs were fixed with 2% PFA and stained 
with a mouse anti-Sccl antibody (UPSTATE 05-908) and Alexa 488 secondary 
antibody as described**. MEFs were then fixed with 1% PFA and hybridized with 
mouse paint specific for mouse chromosome 11 labelled with a red emitting fluo- 
rochrome (Metasystems) according to the manufacturer’s instruction. DNA was 
counterstained with 2 tg ml ' DAPI (Roche Diagnostics). Slides were mounted 
using Vectashield Mounting medium (Vector Laboratories). 

Microscopy and image analysis. Epifluorescence microscopy was performed 
with an Axioplan 2 microscope (Zeiss) using a CoolSnap HQ camera (Photome- 
trics) and images were processed with MetaMorph (Universal Imaging). 

FRAP imaging and analysis was carried out as described“’. Cells were imaged 
with a Zeiss 780 confocal microscope using a Zeiss Fluar 40X/1.3 oil objective. 
After capture of a pre-bleach image, half of the nucleus was bleached followed by 
time-lapse imaging with 2-min time resolution over 2h (control cells) and 10h 
(Wapl-depleted cells). For each time point, measurements were taken in user- 
defined regions. iMEFs expressing Sccl-LAP were used in these experiments. 

Single-point confocal laser scanning microscopy was performed with Zeiss 510 
(Supplementary Fig. 5) and Zeiss LSM780 (Fig. 1f, g) with a plan-apochromat 
63X/1.4 oil objective. Different fluorescence signals were collected in multitrack 
mode set up for three channels to fit with the fluorescence spectrum of the respec- 
tive dyes. Colocalization of Sccl and H2B or CTCF was performed with ImageJ”. 
The association of cohesin vermicelli with dUTP-Cy3-labelled DNA is described 
in Supplementary Information. Confocal spinning disk microscopy (Supplemen- 
tary Fig. 6a) was performed using Ultraview run under Velocity software with a 
plan-apochromat 63 X/1.4 oil objective (Perkin Elmer). To avoid cross-talk of fluo- 
rophors, channels were acquired sequentially using bandpass filters covering respec- 
tive emission spectra of used fluorophors. Deconvolution was performed using 
Huygens Professional (SVI) software using classic maximum likelihood estimation 
(CMLE) algorithm. 

Live-cell imaging was performed in a Zeiss TIRF 3 microscope used in widefield 
mode at 37 °C using CO2-independent medium (Invitrogen). To image Sccl-Dronpa 
and H2B-PAmCherry, cells were illuminated with a 405-nm laser for 5-10s to 
activate its fluorescent state. Afterwards, cells could be imaged using a 488-nm and 
561-nm laser for Sccl-Dronpa and H2B-PAmCherry, respectively. Hoechst and 
Sccl-eGFP were imaged using a 405-nm and 488-nm laser, respectively. 

RNA interference. Transfection of control GL2 siRNA (Ambion), human WAPL 
siRNA (Ambion)? and mouse Sccl siRNA (Ambion, 72658) was performed with 
Lipofectamine RNAi MAX (Invitrogen) according to manufacturer’s instruction. 
All siRNAs were used at a final concentration of 100nM. MEFs in Fig. 2 were 
released from quiescent (day 10 in Fig. 1a) into medium containing the indicated 
siRNA. Cells were then analysed 48 h after transfection (Sccl levels measured by 
quantitative IFM were reduced to 57 + 13.4% (mean = s.d. of two experiments)). 
ChIP-seq data analysis. Cohesin and CTCF ChIP was performed as described", 
except that samples were sonicated for 12 X 60-s pulses with a Covaris soni- 
cator, and the DNA was purified with Phase lock gel tubes (SPRIME). ChIP-seq 
sample preparation, sequencing and data analysis are described in Supplementary 
Information. 

Transcriptome microarray analysis. RNAs were extracted from MEFs with the 
RNeasy Mini Kit (QIAGEN). Microarray hybridization and data analysis are des- 
cribed in Supplementary Information. Methods for quantitative reverse transcrip- 
tase PCR (qRT-qPCR)" have been described. 

Statistics. Statistical analyses were carried out using the GraphPad Prism software 
package (GraphPad Software). Statistical analyses for transcriptome and ChIP-seq 
experiments are described in Supplementary Information. 
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Two replication fork maintenance pathways fuse 
inverted repeats to rearrange chromosomes 


Lingchuan Hu'*, Tae Moon Kim'*, Mi Young Son', Sung-A Kim!, Cory L. Holland’, Satoshi Tateishi?, Dong Hyun Kim, 
P. Renee Yew’, Cristina Montagna’, Lavinia C. Dumitrache'+ & Paul Hasty! 


Replication fork maintenance pathways preserve chromosomes, but 
their faulty application at nonallelic repeats could generate rearrange- 
ments causing cancer, genomic disorders and speciation’ *. Potential 
causal mechanisms are homologous recombination and error-free 
postreplication repair (EF-PRR). Homologous recombination repairs 
damage-induced DNA double-strand breaks (DSBs) and single-ended 
DSBs within replication. To facilitate homologous recombination, the 
recombinase RAD51 and mediator BRCA2 form a filament on the 3’ 
DNA strand at a break to enable annealing to the complementary 
sister chromatid* while the RecQ helicase, BLM (Bloom syndrome 
mutated) suppresses crossing over to prevent recombination’. Homo- 
logous recombination also stabilizes®’ and restarts*” replication forks 
without a DSB’°"’. EF-PRR bypasses DNA incongruities that impede 
replication by ubiquitinating PCNA (proliferating cell nuclear anti- 
gen) using the RAD6-RAD18 and UBC13-MMS2-RADS5 ubiquitin 
ligase complexes'*. Some components are common to both homolog- 
ous recombination and EF-PRR such as RAD51 and RAD 18°. Here 
we delineate two pathways that spontaneously fuse inverted repeats to 
generate unstable chromosomal rearrangements in wild-type mouse 
embryonic stem (ES) cells. Gamma-radiation induced a BLM-regulated 
pathway that selectively fused identical, but not mismatched, repeats. 
By contrast, ultraviolet light induced a RAD18-dependent pathway 
that efficiently fused mismatched repeats. Furthermore, TREX2 (a 
3'—>5’ exonuclease) suppressed identical repeat fusion but enhanced 
mismatched repeat fusion, clearly separating these pathways. TREX2 
associated with UBC13 and enhanced PCNA ubiquitination in res- 
ponse to ultraviolet light, consistent with it being a novel member of 
EF-PRR. RAD 18 and TREX2 also suppressed replication fork stalling 
in response to nucleotide depletion. Interestingly, replication fork 
stalling induced fusion for identical and mismatched repeats, implic- 
ating faulty replication as a causal mechanism for both pathways. 
The identical and mismatched repeat reporters (IRR and MRR, 
Fig. 1a, b) were designed to investigate pathways that rearrange chro- 
mosomes through repeat fusion. Both reporters contain a 313-base- 
pair major satellite repeat (MSR) at each junction of an inversion 
in miniHPRT. These repeats are indirect so repeat fusion restores 
miniHPRT to enable survival in hypoxanthine, aminopterin, thymidine 
(HAT)-selection media by a potential mechanism shown in Fig. 1c. The 
only difference between these reporters is that the MRR 3’ repeat con- 
tains seven mismatches with the longest contiguous homology being 67 
bases. The IRR and MRR were stably transfected into wild-type AB2.2 
and IB10 ES cells. About the same number of HAT-resistant colonies 
spontaneously grew for both reporters (Fig. 1d, P > 0.85, Student’s t-test), 
indicating that spontaneous repeat fusion occurred in wild-type cells. 
The fused 5’ repeat for the MRR was sequenced to determine the 
switch location (Fig. le, Extended Data Fig. 1). Strand exchange in 
fission yeast predominantly occurred at the palindrome centre after 
replication forks were induced to stall, an event called a U turn’. We 


found 6 of 14 switches had this U-turn at the base of a putative hairpin 
(all green), whereas two occurred at the apex (all orange) and six 
occurred in the stem (green-orange). Thus, strand exchange occurred 
at multiple locations. 

It is possible that the switched strand replicated to the telomere, form- 
ing a dipericentric (Fig. 1c). Two-colour fluorescence in situ hybridi- 
zation (FISH) was performed on clones with the IRR and MRR using a 
pericentromeric and telomeric probe. Dipericentrics and chromosomes 
with extra pericentromeres and telomeres (EPTs)'* were observed for 
cells with both reporters (Extended Data Fig. 2a and Extended Data 
Tables 1 and 2). EPT's seemed unstable because the pericentromere 
number and location varied between metaphase spreads from the same 
clone, implicating secondary events consistent with breakage—fusion- 
bridge cycles'®. Spectral karyotyping on three MRR clones showed mul- 
tiple fusion points confirming rearrangement complexity (Extended 
Data Table 3). Duplications of chromosome 1 (Fig. 1f, left) and translo- 
cations between chromosomes 14 and 11 (Fig. 1f, right) or 14 and 13 were 
frequently observed from the same clone and even in the same metaphase 
spread, indicating a role in genome topology’’. Two-colour FISH was 
performed on a single clone (clone 18 from Extended Data Tables 2 and 3) 
with the MRR probe and either chromosome 1 or 14. This analysis 
revealed unstable structures because the MRR could be found at either 
chromosomes | or 14 (Extended Data Fig. 2b), indicating faulty DNA 
synthesis'*. Furthermore, the MRR pattern changed from a discrete dot 
to multiple dots interspersed with chromosomal sequences similar to 
segmental duplications described during evolution’. Thus, both 
reporters caused unstable and complex rearrangements, yet the causal 
pathways are not known. 

Complex genomic rearrangements could arise from faulty chro- 
mosome maintenance. Therefore, we tested whether y-radiation or 
ultraviolet light enhanced repeat fusion for wild-type AB2.2 cells with 
the IRR or MRR. Exposure to 4 Gy y-radiation induced repeat fusion 
for the IRR (Fig. 2a, left, P = 0.017, Student’s t-test) but not the MRR 
(Fig. 2a, right, P = 0.16), whereas exposure to 20 J m “ultraviolet light 
had the opposite effect on the IRR (Fig. 2b, left, P = 0.35) and MRR 
(Fig. 2b right, P = 0.006). This contrast suggests different pathways 
fused identical and mismatched repeats. 

We tested whether homologous recombination proteins fused identical 
repeats because homologous recombination corrects damage caused by 
y-radiation but not ultraviolet light*. We tested BLM-defective ES cells 
(blmin3Br/em4Br4. simply called blm~/~)° because BLM regulates homo- 
logous recombination through Holliday junction dissolution®. Repeat 
fusion was significantly higher in blm~’~ cells as compared to AB2.2 cells 
for the IRR (Fig. 2c, compare lanes 1 and 2, P< 0.0001), but not the MRR 
(Fig. 2c, compare lanes 6 and 7, P = 0.47). Next we tested blm~/~ cells 
haploinsufficient for RAD51 or BRCA2 because BRCA2 enables RAD51 
filament formation on DNA single stands to mediate strand annealing 
and Holliday junction formation. We found blm~/~ Rad51*/4°?* cells 
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Figure 1 | Inverted repeat fusion. a, b, MiniHPRT reporters. Promoter (PGK) 
with intron that separates exons 1 and 2 from 3-8. Repeats at inversion 
junction. The IRR (a) and MRR (b) differ only in seven 3’ repeat mismatches 
(green vs orange arrow). c, Repeat fusion model. From top to bottom, nascent 
lagging strand stalls at repeat hairpin and switches to displace complementary 
template strand to correct miniHPRT and produce a dipericentric. d, Repeat 
fusion in AB2.2 and IB10 cells. Shown is the ratio of HAT-resistant colonies 
compared to IRR. Percentages of HAT-resistant colonies for the IRR in AB2.2 
and IB10 are 0.02% and 0.14%, respectively. Biological replicates for lanes 1-4: 
19, 19, 18 and 18, respectively. Error bars, standard error of the mean (s.e.m.). 
e, Sequence of fused repeats for the MRR in AB2.2 cells (Extended Data Fig. 1). 
f, Spectral karyotyping analysis on clone 18 (Extended Data Table 3). Left, 
duplication of chromosome 1; right, translocation of chromosomes 11 and 14. 


(Extended Data Fig. 3) and blm~~ brea2*/4*?”" cells (Extended Data 
Fig. 4a) showed reduced repeat fusion (Fig. 2c, compare lane 2 to 3 and 
4, P< 0.0001). Deleting the remaining Brca2 exon 27 copy (Extended 
Data Fig. 4b) further reduced repeat fusion (Fig. 2c, compare lanes 4 
and 5, P= 0.049). Thus, BLM suppressed RAD51/BRCA2-mediated 
identical repeat fusion consistent with an homologous-recombination- 
based pathway (these data do not address the potential role of RAD51/ 
BRCA2 in mismatch repeat fusion). 
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Figure 2 | Two pathways enable repeat fusion that depend on sequence 
identity. Shown is the ratio of HAT-resistant colonies transfected with IRR in 
control cells displayed in Fig. 1d. a, Gamma radiation (4 Gy) increases fusion 
for the IRR (left) but not MRR (right). Survival fraction, ~10%. Biological 
replicates for lanes 1-4: 19, 11, 19 and 11, respectively. b, Ultraviolet light 
(20Jm *) enables fusion for the MRR (right) but not IRR (left). Survival 
fraction, ~0.6%. Biological replicates for lanes 1-4: 19, 11, 19 and 11, 
respectively. c, BLM suppressed repeat fusion for the IRR but not MRR. 
blm~’~ cells deleted for one copy of Rad51 exons 2-4 (blm /~ Rad51*/4°?4 
cells), one copy of Brca2 exon 27 (blm~’~ brea2*/4**"") or two copies of 
Brca2 exon 27 (blm~‘— brea24*?7/4&27")_ Biological replicates for 

lanes 1-7: 19, 23, 12, 12, 12, 19 and 23, respectively. d, RAD18 enabled 
fusion for the MRR more than IRR. Biological replicates: 18 for all lanes. 

e, f, TREX2 suppressed fusion for the IRR (e) but enabled fusion for the MRR 
(f). Examined are trex2”" cells that express human wild-type TREX2 (hTX2) or 
human TREX2 mutated in the DNA binding domain (R167A) or catalytic 
domain (H188A). Biological replicates for lanes 1-4 in e: 19, 19, 20, and 23, 
respectively, and for lanes 1-5 in f: 19, 21, 21, 21 and 23, respectively. Error bars 
show s.e.m. throughout. 


We tested if EF-PRR fused mismatched repeats because ultraviolet 
light, but not y-radiation, induced PCNA ubiquitination in mammalian 
cells’. IB10 ES cells deleted for RAD 18 (ref. 22) were analysed. These 
cells showed slightly lower levels of repeat fusion for the IRR as com- 
pared to IB10 control cells (Fig. 2d, compare lanes 1 and 2, P = 0.06). 
This reduction could reflect the nonessential participation of RAD18 in 
homologous recombination”. By contrast, RAD 18-deletion significantly 
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lowered fusion of mismatched repeats (Fig. 2d, compare lanes 3 and 4, 
P= 0.0005). The reduction of mismatched repeat fusion is greater than 
identical repeat fusion (P< 0.0001), demonstrating that the role of 
RAD 18 in fusing mismatched repeats is more prominent than identical 
repeats. These results are consistent with EF-PRR fusing mismatched 
repeats. Yet, RAD18 is an E3 ubiquitin ligase so it could have broad 
function; therefore, mutations in other genes in the poorly understood 
EF-PRR pathway should be observed. 

TREX2 could be a novel member of EF-PRR. Previously, we ana- 
lysed trex2”"" cells and cells that expressed wild-type human TREX2 
(TREX27) and human TREX2 mutated in the catalytic domain 
(TREX2(H188A)) and DNA-binding domain (TREX2(R167A), ~85% 
reduction in DNA binding)”. We found TREX2 deletion ele- 
vated levels of spontaneous isochromatid breaks and chromosomal 
rearrangements™*”°, TREX2™’" rescued the null phenotype whereas 
TREX2(H188A) exacerbated this phenotype, suggesting a dominant 
effect’*. These observations suggested defective DSB repair. However, 
trex2""" cells exhibited increased DSB repair and normal BLM-regulated 
sister chromatid exchanges (SCEs)*. Therefore, we proposed that TREX2 
did not repair DSBs but instead suppressed DSB formation through an 
unknown pathway, possibly EF-PRR. In support, trex2”“” cells had 
reduced levels of spontaneous SCEs**”’. 

TREX2-altered cells were tested for fusion of identical and mis- 
matched repeats. trex2”“” and TREX2(H188A)-expressing cells had ele- 
vated levels of identical repeat fusion as compared to control cells (AB2.2 
and Trex2"*? cells) (Fig. 2e, compare lanes 1 and 3 to 2 and 4, P < 0.05), 
corroborating our previous observations that homologous recombina- 
tion is elevated in trex2”” cells and that an homologous-recombination- 
based pathway fuses identical repeats. A similar anti-recombination 
effect on identical repeats was seen for the 3’ exonucleases Exol and 
ExoVII in Escherichia coli, suggesting that 3’ exonuclease activity inhibits 
these fusions*, We also found trex2”™” and TREX2(H188A)-expressing 
cells had very low levels of mismatch repeat fusion as compared to AB2.2, 
Trex2'? and Trex2(R167A) cells (Fig. 2f, compare lanes 1, 3 and 4 to 2 
and 5, P<0.0006). Furthermore, TREX2-mediated ultraviolet-light- 
induced fusion of mismatched repeats (Fig. 2b right panel, P = 0.003). 
These data clearly separate the pathways that mediate identical and mis- 
match repeat fusion and demonstrate sequence identity determined 
pathway choice. These data also demonstrate the importance of the 
catalytic activity of TREX2 in mediating repeat fusion. Exonuclease acti- 
vity would predictably remove intermediate 3’ mismatches or flaps that 
could occur at the DNA incongruity or during strand exchange and strand 
displacement. Furthermore, these data are consistent with TREX2 being 
part of the EF-PRR machinery. 

Three experiments were performed to test if TREX2 is a member of 
EF-PRR. First, TREX2 located to the nascent replication strand after 
ultraviolet light exposure (Extended Data Fig. 5a); thus, it was at the 
right place at the right time. Second, TREX2 associated with UBC13, but 
not MMS82, by glutathione-S-transferase (GST) pull-down (Extended 
Data Fig. 5b); UBC13-MM4&z2 is the E2 heterodimer that polyubiquiti- 
nates PCNA!**!. In addition, TREX2 associated with UBC13 after 
ectopic expression in HeLa cells that was enhanced by ultraviolet light 
(Extended Data Fig. 5c); thus, it associated with the PCNA ubiquitina- 
tion machinery. Third, we tested the impact TREX2 and RAD 18 had on 
PCNA ubiquitination. As a control we found ultraviolet light, but not 
y-radiation, enhanced PCNA ubiquitination as previously seen in 
human cells”! (Extended Data Fig. 6a). TREX2 and RAD 18 were needed 
for efficient PCNA ubiquitination after exposure to ultraviolet light 
(Extended Data Fig. 6b-d). In addition, cells deleted for both RAD18 
and TREX2 (Extended Data Fig. 7) showed no further reduction in 
PCNA ubiquitination, indicating that they are epistatic (Extended 
Data Fig. 6b-d). These observations are consistent with TREX2 being 
part of the EF-PRR machinery and implicate RAD18 and TREX2 in 
replication fork maintenance. 

Potential mechanisms for repeat fusion are faulty DNA repair and 
faulty DNA replication’. Repeat fusion could manifest from faulty 
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Figure 3 | Hydroxyurea-induced nucleotide depletion. a, RAD18 and 
TREX2 maintain replication forks. The percentage of stalled replication forks 
after hydroxyurea exposure is shown. Experimental design: cells were cultured 
in IdU (5-iodo-2'-deoxyuridine) (20 min) to label nascent strand and then 
exposed to hydroxyurea (0.5 mM, 90 min) to stall replication and then cultured 
in CldU (5-chloro-2'-deoxyuridine) (20 min) to label restart. Fibre number 
observed without and with hydroxyurea: [B10 (1,943, 657), rad18 ‘~ (1,180, 
1,460), AB2.2 (452, 510), trex2”"” (705, 448). b, The impact of hydroxyurea 
(0.5 mM, 90 min) on repeat fusion for the IRR (left) and MRR (right). The ratio 
of HAT-resistant colonies as compared to AB2.2 cells transfected with the IRR 
(0.05%) is shown. Survival fraction is 100%. Error bars, s.e.m. Biological 
replicates, 6 for all lanes. 


DNA repair since y-radiation and ultraviolet light increased fusion. 
However, the odds that damage actually occurred in or near the 
reporter sequences is small (even after exposure to agent); thus, the 
agents could cause a compensatory increase in repair pathways. 
RADS51, BRCA2 and BLM are involved in both DSB repair and rep- 
lication fork maintenance®”’°"">”° so either are possible while direct 
evidence that RAD18 and TREX2 maintain replication forks is lacking 
in mammalian cells. Therefore, rad18-/— and trex2"" cells were 
exposed to a brief pulse of low concentration hydroxyurea (0.5 mM, 
90 min) that depletes nucleotides to stall replication forks without 
causing DSBs°”!°*°, We found rad18 ’~ and trex2"™" cells had ele- 
vated levels of stalled replication forks compared to control cells 
(Fig. 3a, P< 0.0001) similar to depletion of the RAD5 orthologue, 
HLTF”. We further tested faulty replication as causal for repeat fusion 
by exposing cells with the IRR or MRR to this mild hydroxyurea 
concentration (Fig. 3b). This exposure increased repeat fusion for 
the IRR (P = 0.00025, Student’s t-test) and MRR (P = 0.0037). Our 
observations suggest a BLM-regulated pathway consistent with homo- 
logous recombination fused identical repeats whereas a RAD18/ 
TREX2-dependent pathway consistent with EF-PRR fused mis- 
matched repeats during replicative stress. These pathways are good 
candidates for causing complex rearrangements found in cancer and 
genomic disorders in people and chromosomal variation that leads to 
species diversification. 


METHODS SUMMARY 


Repeat fusion assay: the reporters were randomly integrated into ES cells, selected 
in HAT and colonies counted (colonies were also counted without selection to 
control for seeding efficiencies), The percentage of HAT-resistant colonies was 
determined by dividing the number of HAT-resistant colonies by the number of 
cells electroporated multiplied by the seeding efficiency. 
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METHODS 

Construction of the IRR and MRR. The IRR and MRR contain a puromycin 
phosphotransferase (puro) selection cassette and an HPRT minigene”' (miniHPRT). 
Puro was positioned 5’ to miniHPRT and used to select for stable transfectants. 
MiniHPRT contains a phosphoglycerate kinase 1 (PGK) promoter”, exons 1 and 2, 
intron and exons 3-8 with polyadenylation sequences. The 3’ half of miniHPRT was 
inverted from intronic Xbal. Major satellite repeats (MSRs)** were positioned at 
inversion junctions in an indirect orientation. The same MSR sequence (below) is 
located at both junctions for the IRR (Fig. 1a, green arrow) and at the 5’ junction for 
the MRR (Fig. 1b, green arrow) while a divergent MSR (seven mismatches) is located 
at the 3’ end for the MRR (Fig. 1b, orange arrow). These mismatches are the only 
difference between the reporters. 

MSR sequence, mismatched nucleotides underlined (Fig. 1a, b, green arrow): 

5'-TGGAATATGGCGAGAAAACTGAAAATCATGGAAAATGAGAAATA 
CACACTTCAGGACGTGAAATATGGCGAGGAAAACTGAAAAAGGTGGAA 
AATTTAGAAATGTCCACTGTAGGACGTGGAATATGGCAAGAAAACTGT- 
AAATCATGGAAAATGAGAAACATCCACTTGACGACTTGAAAAATGACA- 
AAATCACTAAAAAACATGAAAAATGAGAAATGCACACTGAAGGACCTG 
GAATATGGCTAGAAAACTGAAAATCACGGAAAATGAGAAATACAAA 
CCTTAGGACTTGAAATATGGCGAGGAAAACT3’ 

MSR sequence, mismatched nucleotides are underlined (Fig. 1b, orange arrow) 

5'-TGGAATATGGCGAGAAAACTGAAAATCATGGAAAATGAGAAATA 
CACACTTTAGGACGTGAAATATGGCGAGGAAAACTGAAAAAGGTGGA 
AAATTTAGAAATGTCCACTITAGGACGTGGAATATGGCAAGAAAACT- 
GAAAATCATGGAAAATGAGAAACATCCACTTGACGACTTCAAAAATG- 
ACGAAATCACTAAAAAACGTGAAAAATGAGAAATGCACACTGAAGGA 
CCTGGAATATGGCGAGAAAACTGAAAATCACGGAAAATGAGAAATAC 
AAACCTTAGGACTTGAAATATGGCGAGGAAAACTG-3’ 

PCR amplification of repeat fusion. PCR amplify fusions with primers 5’ 
(HPRT4) and 3’ (HPRT recom Rev) to Xbal. Sequence PCR products with the 
same primers. 

HPRT4, 5'-TCTCAAGCACTGGCCTATGC 3’; HPRT recom Rev, 5'-AGA 
CAGAATGCTATGCAACC-3’. 

Conditions: 1 cycle at 98°C for 10 min, 35 cycles: 98 °C for 1 min, 62°C for 
1 min, 72 °C for 20s. 

Tissue culture for mouse ES cells. Maintain ES cells in M15 (high glucose DMEM 
with 15% fetal bovine serum, 100 1M $-mercaptoethanol, 2mM 1-glutamine, 
3mg ml! penicillin, 5 mg ml? streptomycin, 1,000 U ml~! ESGRO (LIE)) on 
plastic plates precoated with gelatin (0.1%, ~1h) and seeded with 2.5 X 10° prim- 
ary murine embryonic fibroblasts (MEFs, mutated for Hprt and resistant to pur- 
omycin, exposed to 30 Gy y-irradiation) and incubate at atmospheric O2, 5% COz, 
37 °C. ES cells were also cultured on gelatinized plates without feeders. 

Repeat fusion assay. Repeat fusion is seen in cells transfected with the IRR or 
MRR (Figs 1d, 2 and 3b). Transfect ES cells (5 x 10°, 800 ul PBS) with 5 lug of uncut 
IRR or MRR by electroporation (Bio-Rad Gene Pulsar at 230 V, 500 uF). Seed cells 
onto 3-6 3.5-cm plates with mitotically inactivated MEFs. Each well is a replicate 
because they remain separate. Add puromycin (3 jig ml” ') next day. About 100-200 
puromycin resistant colonies grow for each well. Seven days later, pool puromycin- 
resistant colonies for each well and passage onto a 3.5-cm plate precoated with 
gelatin. Three days later passage cells onto a 10-cm plate precoated with gelatin. 
See below for cell exposure to DNA-damaging agents. For unexposed cells, next day 
seed 10° cells onto a gelatin-coated 10-cm plastic plate in M15 supplemented with 
1X HAT (1 mM sodium hypoxanthine, 4 1M aminopterin and 160 1.M thymidine). 
Count HAT-resistant colonies 10 days later. To control for seeding efficiencies, seed 
2,000 cells for each replicate onto a gelatin-coated 3.5-cm plastic plate and culture in 
M15 without selection. Determine percentage of HAT-resistant colonies by dividing 
the number of HAT-resistant colonies by the number of cells electroporated mul- 
tiplied by the seeding efficiency. 

For cells exposed to DNA-damaging agents (y-radiation or ultraviolet light or 
hydroxyurea (HU)) the protocol is the same for the transfection, selection in 
puromycin and expansion of puromycin resistant cells (see earlier). After expan- 
sion, expose cells to either 4 Gy y-radiation ('°’Cs at a rate of 0.125 Gys_', Markl 
gamma radiation source from Shepard and Associates) or 20Jm * ultraviolet 
light (a dual wavelength ultraviolet transilluminator from Alpha Innotech at a 
rate of 1Jm *s ') or HU (0.5 mM, 90 min). For y-radiation and ultraviolet light, 
expose cells directly on the plate after removing media. Then add 10 ml of pre- 
warmed (37 °C) fresh media and incubated for 48h. Then seed 10° cells onto a 
gelatin-coated 10-cm plastic plate in M15 supplemented with 1x HAT. Count 
HAT-resistant colonies 10 days later. To control for seeding efficiencies and sur- 
vival fraction, seed 2,000 cells for each replicate onto a gelatin-coated 3.5-cm 
plastic plate and culture in M15 without selection. Survival fraction is ~10%, 
0.6% or 100% after exposure to y-radiation (4 Gy), ultraviolet (20J m~?) or HU 
(0.5 mM, 90 min), respectively. 
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Two-colour FISH with the pericentromeric and telomeric probes. Perform 
two-colour FISH (Extended Data Fig. 2a) on HAT-resistant colonies expanded 
with the IRR or MRR. Seed cells in HAT selection media on plastic plates pre- 
coated with gelatin. Next day add fresh media (without HAT). Treat cells with 
colcemid (540 nM, 4h) then trypsinize. Slide preparation: spin cells (180g, for 
10 min), wash twice in PBS (pH 7.4) and resuspend pellet in 300 pl 75 mM KCl, 
drop-wise, flicking tube. Incubate in a 37 °C water bath (15 min). Add drop-wise 
300 pl methanol/acetic acid (2:1 fixative) while flicking tube, spin 845g, 30 s. Wash 
cells in 300 pil 2:1 fixative, drop-wise, flicking tube, spin 850g, 30s; repeat wash. 
Hybridization: place slides in methanol overnight, then incubate in 70% forma- 
mide at 70 °C, place slides in 30% formamide at 37 °C in dark with 500 ul per slide 
of 0.25 mg ml pericentromeric (CY-3 5'-TGGAATATGGCGAGAAAACTGA 
AAATCATGGAAAATGAGA-3’) and telomeric (6-FAM 5’-(CCCTAA)7 3’) 
probes for 15 min, wash in PBS, 10 dips, coverslip in 4’ ,6-diamidino-2-phenylindole 
(DAPI). 

Spectral karyotyping. Perform spectral karyotyping (Fig. 1f) as described™* with 
commercial spectral karyotyping paint probes from Applied Spectral Imaging. Define 
rearrangements with nomenclature rules from the International Committee on 
Standard Genetic Nomenclature for Mice”. 

Two-colour FISH with the MRR and chromosome | or 14 paint. Perform two- 
colour FISH (Extended Data Fig. 2b) with custom-made chromosome paint 
probes specific for murine autosomes 1 and 14 labelled with the Spectrum 
Green (Dyomics) using a standard degenerate oligonucleotide primed-polymerase 
chain reaction (DOP-PCR) protocol (http://atlasgeneticsoncology.org/Deep/ 
ComparCancerCytogID20011.html). Label MRR with Spectrum Orange dUTP 
(Dyomics) by nick-translation and hybridize to chromosomal preparations 
derived from clone 18 (Extended Data Table 3). After overnight hybridization 
(37 °C), wash slides and counterstain with DAPI and image random fields with an 
inverted Zeiss Axiovert 200 using fine focusing oil immersion lens (X60, numer- 
ical aperture 1.35). Equip microscope with a Camera Hall 100 and Applied 
Spectral Imaging software. 

Generation of mouse Rad51 targeting vector. Construct mouse Rad51 targeting 
vector (Extended Data Fig. 3) as described**. Amplify left (5') and right (3’) 
homologous arms with high-fidelity PCR using genomic DNA extracted from 
AB2.2 ES cells and iProof DNA polymerase (Bio-Rad Laboratories) in 25 tl con- 
taining 5 pl of 5X iProof HF buffer, 0.5 pl of 10 mmol] ' deoxynucleotide tripho- 
sphates, 0.75 ul of 4pmoll~* forward and reverse primers (below), 100ng of 
genomic DNA, and 0.25 ll of iProof DNA polymerase. 

Left arm primers: Rad51KiLA forward, 5’-CACACTCGAGTCCCCTCTA 
CGCTGAGAAGCCGGAGAAAG-3’; Rad51KiLA reverse, 5’-CACAGCGGCCG 
CAGGCCACTAAGGCCAGAACTGCAGCTGGCCCTCCCTATCCAC-3’. 

Right arm primers: Rad51KiRA forward, 5’'-CACAGCGGCCGCAGGCCT 
GCGTGGCCGGATTATAGGAATGTCAGCTTCTCATAGAC-3’;  Rad5KiRA 
reverse, 5’-CACAGTCGACGGTACTGGTTAGTTCATAATGTTGTTCCA-3’. 

PCR conditions for both arms: 1 cycle: 98 °C for 5 min 35 cycles: 98 °C for 1 min, 
64.7-70.2 °C gradient for 1 min, 72 °C for 1 min and 30s. 1 cycle: 72 °C for 10 min. 

After amplifying arms, digest left arm (3.9 kb) with Sall and NotI and clone into 
a plasmid backbone, pKO, cut with Xhol and NotI. Then, digest right arm (3.0 kb) 
with Xhol and NotI and clone into the same backbone digested with SalI and NotI 
to delete Rad51 exons 2-4. Then, clone floxed SABgeo-miniHPRT (Extended Data 
Fig. 3a) into unique Sfil sites as described’®. 

Transfect targeting vector (5 tg, cut with Pacl) into blm ’~ ES cells (5 x 10° 
cells in 800 11 PBS) by electroporation (Gene Pulser Cuvettes with a 0.4cm elec- 
trode gap at 230 V, 500 pF with a Gene Pulser Apparatus from Bio-Rad). After 
electroporation, seed cells onto two 10cm plates with mitotically inactive MEFs. 
Next day, add M15 medium containing 1x HAT (0.1mM hypoxanthine, 
0.0004 mM aminopterin and 0.016 mM thymidine). Pick HAT-resistant colonies 
7 days later onto a 96-well plate and maintain in HAT selection. Replica plate to 
freeze one plate and use the other to isolate genomic DNA”. Screen for targeted 
clones with PCR (Extended Data Fig. 3b). 

H13F (in miniHPRT): 5'-GTAAATGAAAAAATTCTCTTAAACCACAGCA 
CTATTGAG-3’ SR3 (outside the right arm): 5'-AGCCAGGTATAGTCTCAAA 
GGAATCTGCAATCC-3’. 

PCR conditions: 1 cycle: 98°C for 5 min; 35 cycles: 98 °C for 1 min, 67 °C for 
1 min, 72°C for 1 min 30s; and 1 cycle: 72°C for 10 min. 

Cre-mediated deletion of SABgeo and 5’ miniHPRT. Delete SAfgeo and 5’ half 
of miniHPRT using Cre recombinase to generate Rad51*/4%?* cells (Extended 
Data Fig. 3c). Expand targeted ES cells in 1X HAT to remove HPRT-negative cells 
that survive due to cross feeding. Removed HAT selection 2 days before transfec- 
tion and cultured in 1X HT (1 mM sodium hypoxanthine and 160 1M thymidine); 
electroporate 5 X 10° cells in 800 jl DPBS with 10 tg of pPGKcrepA using a Bio- 
Rad Gene Pulsar at 230 V, 500 y1F. After electroporation, seed 200 pl onto a 10-cm 
feeder plate without selection for 2-4 days to allow time for miniHPRT removal 


©2013 Macmillan Publishers Limited. All rights reserved 


LETTER 


and time for degradation of HPRT mRNA and protein. Then seed 4 X 10* cells 
onto a 10-cm feeder plate in 10 1M 6-thioguanine. Pick 6-thioguanine-resistant 
colonies 10 days later. Expand cells in 10 1M 6-thioguanine and replica plate. 
Freeze one plate and use the other to isolate genomic DNA”. Confirmed Cre- 
mediated deletion with PCR (1.4kb fragment). 

PCR primers. RCF1 (in RADS1 intron 1), 5'-GTGCTGAATCTCCTAGAA 
CTG-3’; AS2 (in exon cluster 3-8 of miniHPRT), 5'-TGTCCCCTGTTGACTGG 
TCA-3’. 

PCR conditions: 1 cycle: 98°C for 5 min, 35 cycles: 98 °C for 1 min, 64°C for 

1 min, 72 °C for 30s. 1 cycle: 72 °C for 10 min. 
Targeting mouse Brca2 exon 27. Replace the first copy of Brca2 exon 27 with 
PGKneobpA* by cloning PGKneobpA into the Sfil sites of the Brca2 exon 27 
deletion targeting vector (Extended Data Fig. 4a)’*. Transfect as described for 
Rad51. Use PCR to detect targeted clones (Extended Data Fig. 4a). 

PCR primers: NF (in neo), 5’-AGCGCATCGCCTTCTATCGCCTTCTTG 
ACG-3'; Brca2 intron 27 reverse, 5'-CCCCGTCGACCGGAGAGCTAATGG 
CCTCTACTCCAACG-3’. Conditions: 35 cycles of 98°C for 1 min, 65°C for 
1 min, 72 °C for 1 min and 30s. 

Replace the second copy of Brca2 exon 27 with floxed miniHPRT (Extended 
Data Fig. 4b)°°. Use PCR to detect targeted clones (Extended Data Fig. 4b). 

PCR primers: H13F, 5'-GTAAATGAAAAAATTCTCTTAAACCACAGC 
ACTATTGAG-3’; B27R, 5'-CCCCGTCGACCGGAGAGCTAATGGCCTCTAC 
TCCAACG-3’. Conditions: 35 cycles of 98 °C for 1 min, 65 °C for 1 min, 72 °C for 
1 min and 30s. 

Removed the 5’ half of miniHPRT by Cre-mediated recombination”® to gene- 
rate Brca24*?7"/4?7"" cells. Use PCR to detect removal (Extended Data Fig. 4b). 

PCR primers: Bi26, 5’-TCAATCAAGCAGTCCTCACC-3’; H3-8R: 5’- 
TGACCAGTCAACAGGGGACA-3’. Conditions: 35 cycles: 98°C for 1 min, 
65°C for 1 min, 72°C for 45s. 

Coimmunoprecipitation of IdU and Myc-TREX2 after exposure to ultraviolet 
light. TREX2 associates with nascent strand DNA after ultraviolet exposure 
(Extended Data Fig. 5a). Experiment performed as described’? with minor modi- 
fications. Transfected HeLa cells with 5 tg Myc-TREX2 using FuGENE6 (Roche). 
Label cells with IdU (5 1M, 30 min), treat with 20Jm ? ultraviolet and recover 
with the indicated time. Crosslink cells in formaldehyde (1%, 15min 24°C). 
Remove cytoplasmic protein fraction by incubation in hypotonic buffer (10 mM 
HEPES, 1.5mM MgCl, 10mM KCl, -mercaptoethanol, PMSF, Protease 
Inhibitor (Roche) for 10 min on ice). Resuspend pellets in nuclear exact buffer 
(20mM HEPES, 20% glycerol, 400mM KCI, 1.5mM MgCh, 0.2mM EDTA, 
B-mercaptoethanol, PMSF, Protease Inhibitor (Roche)). Dilute nuclear exact protein 
(50 Lg) solution with equal volume of immunoprecipitation dilution buffer (20 mM 
HEPES, 0.2 mM EDTA, 10% glycerol, PMSF, Protease Inhibitor (Roche)) and pre- 
wash with Protein G Sepharose beads (10 ll, 1h). Remove bead and immunopre- 
cipitate supernatant by incubating with 1 jg of anti-BrdU (mouse anti-BrdU B44) at 
4°C overnight. Incubate reaction solution with 20 ul Protein G Sepharose beads for 
3 hat 4 °C and wash beads 4 times with immunoprecipitation wash buffer. Separate 
immunoprecipitated proteins with SDS-PAGE gel and blot with anti-Myc (BD 
Bioscience) antibody. 

TREX2-UBC13 association. TREX2 associates with UBC13 by GST pull-down 
(Extended Data Fig. 5b). Bind GST-MMS2, GST-UBC13, and GST-TREX2 
fusion proteins (5 1g) to glutathione-Sepharose 4B (GE Healthcare) and incubate 
with [°°S]methionine-labelled TREX2 (4 ul, 1.5h, 23°C)**. Wash beads with 
NETN buffer (50mM Tris, 250mM NaCl, 5mM EDTA, pH7.5, and 0.1% 
NP40) and subject to SDS-PAGE and phosphorimager analysis. 

TREX2 associates with UBC13 by coimmunoprecipitation in HeLa cells 
(Extended Data Fig. 5c). Transfect HeLa cells with 5 ug Myc-TREX2 and 5g 
HA-UBC13 plasmid (48h) using FuGENE6 (Roche), expose cells to 0J m ~ or 
20Jm * ultraviolet as described for the PCNA ubiquitination assay (below). 
Crosslink cells in formaldehyde (1%, 15 min, 24 °C). Incubate in hypotonic buffer 
(10 mM HEPES, 1.5 mM MgCh, 10 mM KCl, B-mercaptoethanol, PMSF, Protease 
Inhibitor (Roche)) for 10min on ice to remove cytoplasmic protein fraction. 
Resuspend pellets in nuclear exact buffer (20 mM HEPES, 20% glycerol, 400 mM 
KCl, 1.5 mM MgCl,, 0.2 mM EDTA, fB-mercaptoethanol, PMSF, Protease Inhibitor 
(Roche)). Dilute nuclear exact protein (50 |1g) solution with equal volumes of immu- 
noprecipitation dilution buffer (20mM HEPES, 0.2mM EDTA, 10% glycerol, 
PMSF, Protease Inhibitor (Roche)) and incubate with 10 ul Protein G Sepharose 
beads (1h). Remove beads and immunoprecipitate supernatant by incubating with 
2 ug anti-Myc (BD Bioscience) or anti-HA (Roche) antibody at 4°C overnight. 
Incubate reaction solution with 20 il Protein G Sepharose beads for 3 h. Wash beads 
4 times with immunoprecipitation wash buffer. Separate immunoprecipitated 
proteins by SDS-PAGE gel and blot with anti-Myc or anti-HA antibody. 
Detection of PCNA ubiquitination with chromatin-bound fraction. RAD18 
and TREX2 participated in ultraviolet-induced PCNA ubiquitination (Extended 


Data Fig. 6). Isolate chromatin-bound fraction as described”'“° with modifications. 
Briefly, resuspend ~1.5X 10’ cells in buffer A (10 mM HEPES (pH7.9), 1.5 mM 
MgCl, 10 mM KCl, 0.34M sucrose, 10% glycerol, 0.1% Triton X-100 and protease 
inhibitor cocktail (Roche)), incubate and rotate 5min at 4°C then centrifuge 
(5,204g, 2 min, 4°C). Remove soluble fraction. Resuspended pellet in buffer then 
centrifuge (5,204g, 3 min, 4°C). Extract chromatin-bound fraction, resuspend pel- 
let in buffer B (20 mM Tris-Cl (pH 8.1), 2 mM EDTA (pH 8.0), 500 mM NaCl, 0.1% 
SDS, 1% Triton X-100 and protease inhibitor cocktail (Roche)), sonicate, treat 
with micrococcal nuclease (10 min, 37 °C) and centrifuge (17,948g, 15 min, 4 °C). 
Immunoprecipitate supernatant containing released chromatin-bound protein. 
Pre-incubate with protein G Sepharose beads (GE healthcare) (1-2h, 4°C) to 
pre-cleaned protein and incubated with 1g of anti-PCNA antibody (PC10, 
Santa Cruz Biotechnology) overnight at 4 °C. Precipitate anti-PCNA immune com- 
plexes with 30 pl protein G Sepharose beads for 3h at 4°C). Separate protein on 
10% SDS-PAGE gel and transfer onto PVDF membrane. Use monoclonal antibodies 
for western blot: anti-ubiquitin (P4D1, COVANCE; 1:1,000-2,000) or anti-PCNA 
(PC10, Santa Cruz Biotechnology; 1:2,000-2,500). Used mouse TrueBlot ULTRA 
(Anti-mouse Ig HRP, ROCKLAND; 1:1,000-2,500) to minimize IgG signal. 
Quantify band intensities with Image] software (http://rsbweb.nih.gov/ij/). 
Targeting Trex2 in IB10 cells and rad18~’~ cells. Electroporate Trex2 targeting 
vector (5 jig of PacI-cut) (Extended Data Fig. 7)** into IB10 cells and rad18 ‘~ cells 
as described for Rad51. 

Primers to detect left arm integration: TX2 LR55 (outside of left arm), 5’- 
TATATTTAGGAGACAAAGTGGCCCTGCCAGAGCTG-3’; HATrev (in the 
HPRT minigene), 5'-CATGCGCTTTAGCAGCCCCGCTGGGCACTTGGCGC-3’. 
Conditions: 1 cycle: 98 °C for 5 min 35 cycles: 98 °C for 1 min, 72 °C for 1 min, 72 °C 
for 2 min 30s. 1 cycle: 72 °C for 10 min. 

Primers to detect right arm integration: HATfor (in the HPRT minigene), 5'- 
GTAAATGAAAAAATTCTCTTAAACCACAGCACTATTGAG-3’; TX2 RR33 
(outside the right arm), 5’-CCTGTTTCACAAATATCAGGACCTGAGTTT 
GTATCC-3’. Conditions: 1 cycle: 98°C for 5min 35 cycles: 98°C for 1 min, 
63.5 °C for 1 min, 72 °C for 2 min 30s. 1 cycle: 72 °C for 10 min. 

Primers to confirm deletion of TREX2 open reading frame: mTX2For, 5'- 
AAAAGAATTCCCGCCACCATGTCTGAGCCACCCCGGGC-3'; mTX2Rev: 
5'-AAAACTCGAGTCAGGCTTCGAGGCTTGGACC-3’. Conditions: 1 cycle: 
98°C for 5 min 35 cycles: of 98°C for 1 min, 65°C for 1 min, 72°C for 25 min. 
1 cycle: 72°C for 10 min. 

Microfibre analysis. RAD18 and TREX2 enabled replication fork restart (Fig. 3a). 
Perform DNA fibre analysis as described'*’* with modifications. Pulse-label ES 
cells with IdU (25 1M, 20 min), wash twice with medium, expose to HU (0.5 mM, 
1.5h), wash twice with medium and pulse-label with CldU (250 11M, 20 min). Fix 
fibres in methanol and acetic acid (3:1) and air-dry. To denature fibres, treat slides 
with HCI (2.5 M, 75-80 min) and wash twice with PBS then block 1 h with 1% BSA 
(bovine serum albumin) + 0.1% Tween 20. Incubate slides with primary antibodies 
against CldU (rat anti-BrdU BU1/75[ICR1], Abcam, 1:1,000) and IdU (mouse anti- 
BrdU B44, 1:750) for 1.5h. Fix slides with 4% paraformaldehyde and wash thrice 
with PBS. Apply AlexaFluor 555-conjugated goat anti-rat IgG (Molecular Probes, 
1:500) and AlexaFluor 488-conjugated goat anti-mouse IgG (Molecular Probes, 
1:500) to slides for 2 h. Wash slides and mount in Fluoroshield (Sigma) and examine 
(Axioplan2, Zeiss fluorescent microscope). 

Statistics. Student’s t-test was used for statistics (two-sided without adjustments 
for multiple comparisons). The average was the centre value. In all figures the 
s.e.m. is shown and the number of biological replicates are provided in the legends. 
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Extended Data Figure 1 | Three locations for the switch within a hairpin. b, The switch occurs in the stem of the hairpin after the first mismatch at 
There are seven mismatches located at positions 52, 111, 140, 178, 188,204and _ position 52 but before the last mismatch at position 246 such that the 5’ MSR is 


246. This model shows the inverted repeats forming a hairpin to simply a mixture of both the green and orange repeat. c, The switch occurs at the base 
illustrate the location of the switch, although we do not know if hairpins form. _ of the hairpin after the last mismatch in position 246 such that the 5’ MSR has 
a, The switch occurs at the apex of the hairpin before the first mismatch at the same sequence as the green repeat. 


position 52 such that the 5’ MSR has the same sequence as the orange repeat. 
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Extended Data Figure 2 | Complex chromosomal rearrangements in wild- 
type cells with the IRR and MRR. a, Two-colour FISH on metaphase spreads 
stained with a telomeric probe (green), a MSR probe in the pericentromere 
(red) and counterstained with DAPI (blue). (1)-(3) Multipericentric 
chromosomes from cells with the IRR: (1) Typical dipericentric, 

(2) chromosome with extra pericentromeres and telomeres (EPT)””, 

(3) segmental duplication with the extra pericentromeres on only one 
chromatid. (4)-(8) Multipericentric chromosomes from cells with the MRR: 
(4) typical dipericentric, (5)-(7) EPTs, (8) extra pericentromere on only one 
chromatid. Chromosomal abnormalities were found for 15/19 (P < 0.0001, 
Yates-corrected chi-square test) and 18/19 (P< 0.0001) HAT-resistant 
colonies transfected with the IRR and MRR, respectively, but none were found 
for non-transfected cells as previously described’*. b, Two-colour FISH on 
nuclei using the MRR as a probe (red) along with either chromosome 1 or 14 
(green). For some nuclei the MMR associated with chromosome 14 (1) whereas 
for others it associated with chromosome 1 (2). Note the MRR is located to both 
chromosomes 14 but only one chromosome 1. Thus, the MRR moved to 
different altered chromosomes observed with spectral karyotyping, consistent 
with the notion that the MRR is the source of instability. In addition, the size of 
the red dot(s) varied, suggesting continuous nonallelic fusions that could 
expand or contract the number of MRR units. For some nuclei the MRR 
appeared as a discrete dot, indicating one contiguous array of reporter units 
(1 and 2, red insets) but for others it was speckled, suggesting arrays of MRR 
units were interspersed with chromosomal sequences (3, red inset). For one 
speckled cluster a fragment of chromosome 1 surrounded only one red dot, 
highlighting the complexity of this rearrangement (green inset). The MRR 
probe was also found protruding at the edge or outside of some nuclei, 
indicating these unstable structures could be extruded from the nucleus similar 
to micronuclei (4, red inset). 
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Extended Data Figure 3 | Targeting Rad51 exons 2-4. a,SABgeo-miniHPRT — Rad51 exons 2-4 (exon 2 is the first coding exon) with the SABgeo-miniHPRT 
is used for selection. SABgeo (green) is a fusion of B-galactosidase and selection cassette. PCR is used to screen G418 + HAT-resistant ES cell clones for 
neomycin phosphotransferase and is capable of trapping promoters toimprove gene targeting using primers H13F and SR3. c, Removal of SABgeo, the 5’ half 
targeting efficiency*'. A Right element (RE) mutant loxP” is in the intron (blue — of miniHPRT and a RE mutant loxP by Cre-mediated recombination to 

green arrow). In addition, another RE mutant loxP is 5’ to SABgeo. A FLP generate Rad51*/4*?* cells. Screen 6-thioguanine-resistant clones by PCR 
recombination target (FRT) is at the 3’ end of miniHPRT**”’. b, Replacing using primers RCF1 and AS2. 
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Extended Data Figure 4 | Targeting Brca2 exon 27. There were two gene 
targeting vectors so we could observe cells deleted for one 

(blm~’~ Brea2*/4?7") and two (blm/~ brea24?7- 4027-1) copies of Brca2 
exon 27. a, The first targeting vector (Aex27-n) replaced Brca2 exon 27 with 
neomycin phosphotransferase (neo) and probably generated a severe defect 
because exon 27 was not replaced with a splice donor to ensure 
polyadenylation“. This means deletion of the first copy probably caused a 
haploinsufficiency. The Brca2 gene after targeting. NF and B27R are PCR 
primers used to screen for targeted clones. b, The second targeting vector 
(Aex27-h) replaced Brca2 exon 27 with miniHPRT that contains a splice donor 
and polyadenylation sequences. Previously we showed Brca2 exon 26 spliced 
into HPRT exon 3 to ensure polyadenylation. Cells mutated with this second 
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targeting vector produced a truncated BRCA2 protein at normal levels and 
were hypersensitive to y-radiation and deficient in homologous 
recombination***** and replication fork maintenance’®. Replacing the second 
copy of Brca2 exon 27 with a floxed miniHPRT* to make Brea2"?7/4?7-" 
cells. H13F and B27R primers were used to screen for targeted clones. Cre- 
mediated recombination removed the 5’ half of miniHPRT. Brca2 exon 26 
splices into miniHPRT exons 3-8 (grey line) to generate a polyadenylated Brca2 
transcript that is deleted for exon 27°”. There is the addition of one amino acid 
followed by a stop codon and this transcript produces a protein at wild-type 
levels that associates with RADS51, presumably through the BRC motifs**. Bi26 
and H3-8R PCR primers were used to screen for Cre-mediated deletion. 
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Extended Data Figure 5 | TREX2’s response to ultraviolet light and b, GST pull-down of *°S-labelled short isoform wild-type (WT) TREX2”. 
association with UBC13. a, Coimmunoprecipitation of IdU and Myc-TREX2 _ c, Coimmunoprecipitation with Myc-TREX2 and HA-UBC13 in HeLa cells 
in HeLa cells after exposure to 20J m’? ultraviolet light. No treatment, NT. before and 6h after exposure to 20J m7? ultraviolet light. 
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Extended Data Figure 6 | RAD18 and TREX2 ubiquitinate PCNA. 

a, Exposure of AB2.2 cells to ultraviolet light, but not y-radiation, induced 
PCNA ubiquitination. Immunoprecipitate endogenous PCNA and 
immunoblot with anti-ubiquitin (Ub, left), then strip and immunoblot with 
anti-PCNA (right). PCNA-Ub, and PCNA-Ub; are visible; yet, IgG obscures 
PCNA-Ub;. In addition, the Ub blot, but not the PCNA blot, reveals a 
previously unidentified band between PCNA-Ub, and PCNA-Ub,. Ultraviolet 
light, but not y-radiation, increased levels of PCNA-Ub, and PCNA-Ub; as 
previously shown in human cells”! (the same was true for the unknown 
protein). Survival fraction: 20J m7, 0.6%; 60Jm_ 7, 0.06%; 5 Gy, 8%; 15 Gy; 
0.001%. b, Analysis of trex2""” and rad18‘~ cells and double-mutant cells. In 
response to 60J m ~ ultraviolet light, trex2"" and rad18~‘~ cells had reduced 
levels of PCNA-Ub, and PCNA-Ub; and unknown protein as compared to 
IB10 cells. rad18 ‘~ cells exhibited a marginally greater reduction than trex2"™” 
cells, indicating that RAD18 has a greater role in PCNA ubiquitination. The 
double-mutant cells failed to show a further reduction, indicating that TREX2 
and RAD18 are epistatic. Some ubiquitinated PCNA was present in mutant 
cells, indicating that other proteins ubiquitinate PCNA; similar observations 


were made for cells deleted for HLTF and SHPRH”. For example, CRL4C?, 
independent of RAD18, monoubiquitinates PCNA with and without 
ultraviolet-light-induced damage”. c, Bar graph illustrating the reduction of 
PCNA-Ub, and PCNA-Ub; in trex2""" rad18-’~, and double-mutant cells as 
shown in b, left (immunoprecipitation-PCNA, blot-Ub), after band intensities 
were quantified with Image] and normalized for loading with short exposure 
PCNA. Statistics (t-test) for PCNA-Ub, and PCNA-Ub; using three 
experiments (lanes): 1 vs 2 (0.0016, 0.0058), 1 vs 3 (0.0036, 0.0026), 1 vs 4 
(0.0064, 0.0001), 2 vs 3 (0.0214, 0.0774), 2 vs 4 (0.0310, 0.0486), 3 vs 4 (0.3169, 
0.1209). d, Bar graph illustrating the reduction of PCNA-Ub, in trex2rl! 
rad18 ‘~,and double-mutant cells as shown in b, right (immunoprecipitation- 
PCNA, blot-PCNA), after band intensities were quantified with ImageJ and 
normalized for loading with short exposure PCNA. The stripping and re- 
probing leaves quantification unreliable for PCNA-Ub; and further work is 
required to clarify the extent to which Ub modification is influenced in these 
backgrounds. Statistics (t-test) for PCNA-Ub, using three experiments (lanes): 
1 vs 2 (0.0021), 1 vs 3 (0.0061), 1 vs 4 (0.0460), 2 vs 3 (0.0212), 2 vs 4 (0.0163), 
3 vs 4 (0.0604), 


©2013 Macmillan Publishers Limited. All rights reserved 


LETTER 


4 mTX2For mTX2Rev 4 


select in HAT 
TX2 LR55 HATrev HATfor TX2 RR33 


Extended Data Figure 7 | Deleting Trex2 in IB10 control and rad18~/~ 
cells. A floxed MiniHPRT* was used to replace the entire Trex2 coding 
sequences (located on a single exon)”. Targeted clones were detected using 
PCR with TX2 LR55 and HATrev primers for the left arm and HATfor and TX2 


RR33 primers for the right arm. Removal of the Trex2 coding sequence was 
verified by PCR using mTX2For and mTX2Rev primers. 
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Extended Data Table 1 | IRR summary 


Dipericentric (DP), extra pericentromere and telomere (EPT), metaphase spread (MPS), segmental 
duplication (SD). 
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Extended Data Table 2 | MRR summary 


[clone #MPS | DP [EPT [SD ] 


Dipericentric (DP), extra pericentromere and telomere (EPT), metaphase spread (MPS), segmental 
duplication (SD). 
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Extended Data Table 3 | Spectral karyotyping summary 


nuclei Simple EPT Complex EPT other 


Dup(1;1) T(14;13) - 
Dup(7;7) T(3;13) chromatid fusion (8;19) 
Dup(1;1) T(14;13) chromatid break (16) 
- T(14;13) Del(1) 
chr1-chr4-chr17 T(14;13) - 
Dup(1;1) Dup(7;7) | T(14;13) T(2;?) Del(3) 
Dup(1;1) - 
Dup(1;1) T(11;14) T(14;11) 
Dup(1;1)(1;) T(11;14) T(14;13) Del(13) 
Dup(1;1) T(11;14) T(14;11) 
Dup(1;1) T(11;3) 
Dup(1;1) Ins(3;11) T(11;3) Del(3) 
Dup(1;1) T(11;14) T(14;11) 
Dup(1;1) T(113;14) T(14;11) 
Dup(1;1) Dup(7;7) T(14;11) - 
- T(14;11) - 
Dup(1;1) Dup(12;12) T(14;11) - 
Dup(1;1) T(14;11) - 
- T(14;11) - 
Dup(1;1) Dup(7;7) T(14;11) - 
Dup(1;1) Dup(7;7) T(14;11) chromatid fusion (17;14) 
Dup(1;1) Dup(12;12) T(14;11) - 


eroueuniioueuucfemiousunelf 


Simple extra pericentromere and telomere (EPT) involves one chromosome. Complex EPT involves more than one chromosome. Other has only one pericentromere. 
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Sodium/proton (Na*‘/H*) antiporters, located at the plasma mem- 
brane in every cell, are vital for cell homeostasis’. In humans, their 
dysfunction has been linked to diseases, such as hypertension, heart 
failure and epilepsy, and they are well-established drug targets’. The 
best understood model system for Na*/H* antiport is NhaA from 
Escherichia coli’, for which both electron microscopy and crystal 
structures are available*°. NhaA is made up of two distinct domains: 
a core domain and a dimerization domain. In the NhaA crystal struc- 
ture a cavity is located between the two domains, providing access to 
the ion-binding site from the inward-facing surface of the protein’. 
Like many Na*/H™ antiporters, the activity of NhaA is regulated by 
pH, only becoming active above pH 6.5, at which point a conforma- 
tional change is thought to occur’. The only reported NhaA crystal 
structure so far is of the low pH inactivated form*. Here we describe 
the active-state structure ofa Na*/H* antiporter, NapA from Thermus 
thermophilus, at 3 A resolution, solved from crystals grown at pH 7.8. 
In the NapA structure, the core and dimerization domains are in diffe- 
rent positions to those seen in NhaA, and a negatively charged cavity 
has now opened to the outside. The extracellular cavity allows access 
to a strictly conserved aspartate residue thought to coordinate ion 
binding’*” directly, a role supported here by molecular dynamics simu- 
lations. To alternate access to this ion-binding site, however, requires a 
surprisingly large rotation of the core domain, some 20° against the 
dimerization interface. We conclude that despite their fast transport 
rates of up to 1,500 ions per second’, Na*/H* antiporters operate by 
a two-domain rocking bundle model, revealing themes relevant to 
secondary-active transporters in general. 

Na’ /H* antiporters are secondary active transporters that are con- 
served across all biological kingdoms to maintain the internal pH, cell 
volume and sodium concentration of the cell’, a mechanism first pro- 
posed by West and Mitchell’. Na‘/H™* antiporters are members of the 
large monovalent cation proton antiporter (CPA) superfamily that 
includes, among others, the CPA1 and CPA2 clades’. It is generally 
thought that Na*/H" antiporters from the CPA1 clade catalyse electro- 
neutral sodium-proton exchange (SLC9A 1-9 in mammals (also known 
as NHE1-9)), whereas CPA2 members are thought to be electrogenic 
(SLC9B1-2 in mammals (also known as NHA1-2))’, with stoichiome- 
tries of2H*:1Na‘ and3H*:2Na‘ ions reported'"”. Like all secondary- 
active transporters, Na*/H™ antiporters are thought to operate by an 
alternating access mechanism; however, the different conformational 
states of the transport cycle have yet to be determined. The inward- 
facing structure of the well-characterized bacterial CPA2 protein E. coli 
NhaA is the only representative crystal structure’. 

Using fluorescent-based methods'*"*, we screened members of the 
CPA2 clade’ for their suitability for structural studies. NapA from 
T. thermophilus, which has 21% sequence identity to human NHA2, 
was thus identified (see Methods and Supplementary Figs 1a and 2). 
Although the overall sequence homology to the better characterized 


E. coli NhaA is low, <15% identity, residues identified to be important 
for transport in NhaA and mammalian homologues are nonetheless 
well conserved (Supplementary Fig. 2). Using isolated inside-out mem- 
brane vesicles it was previously shown that T. thermophilus NapA is 
active above pH 6, with maximum activity for sodium at pH 8 (ref. 15), 
similar to E. coli NhaA**. To measure activity in an isolated system, we 
co-reconstituted purified NapA and E. coli F;Fyo ATP synthase into 
liposomes (see Methods). After establishment of a pH gradient by 
the addition of ATP, proton efflux was monitored in response to Na* 
or Li* addition (Fig. 1a, b). In this experimental set-up, the apparent 
Michaelis constant (Kj) values for Na* or Li* were determined to be 
4.0 + 0.3 (mean + s.d.) or 0.41 + 0.04 mM, respectively, similar to the 
affinities from inside-out vesicles'° (Fig. 1c). In experiments with NapA 
proteoliposomes trapped with a water-soluble pH sensitive dye, dissi- 
pation of the membrane potential (Ay) stimulated exchange activity in 
the presence of a Na” gradient, confirming the electrogenic nature of 
NapA (Fig. 1d, bottom). Furthermore, in the absence of a H* or Na* 
gradient, NapA transport activity was solely driven by Aip (Fig. 1d, 
top). Taken together, T. thermophilus NapA has a similar antiport 
profile to E. coli NhaA, and consequently functional and structural 
studies of the two proteins can complement one another. 

The structure of NapA at pH 7.8 was solved by multiple isomorphous 
replacement with anomalous scattering in combination with multi- 
crystal averaging. The highest resolution data correspond to a triple 
mutant of NapA, in which three cysteine residues, which have no appa- 
rent effect on functional activity, were introduced to facilitate phasing 
(see Methods, Supplementary Tables 1 and 2 and Supplementary Fig. 1b). 
The structure was refined at a resolution of 3 A, Reactor Value of 22.3% 
and Réree Value of 24.8% (Supplementary Table 1, Supplementary Fig. 3 
and Methods). Electron density maps at 3.7 A of wild-type NapA at 
pH 9.0 show no clear structural differences between the wild-type and 
the triple cysteine mutant. 

NapA is built from 13 transmembrane (TM) helices with an Nout-Cin 
topology (Fig. 2 and Supplementary Fig. 4). Relative to NhaA, it has an 
additional helix at the amino terminus. To facilitate comparison to 
NhaA, we refer to the first helix as TM—1 (Fig. 2a and Supplemen- 
tary Fig. 4). TM—1 to TM5 and TM7 to TM12 are topologically similar 
but oppositely orientated in the plane of the membrane (Supplemen- 
tary Fig. 4). These six-transmembrane-helice topology inverted repeats 
intertwine to form a core (ion-translocation) and dimerization (inter- 
face) domain, and are linked together by TM6 (Fig. 2b and Supplemen- 
tary Fig. 4). The NapA and NhaA* structures are very similar (Fig. 2b). 
As there is a change in the position of the core relative to the dimeriza- 
tion domain, however, the similarity is best seen when the two domains 
are superposed separately; root mean squared deviation (r.m.s.d.) of 
1.8 A for 134 out of 148 pairs of Cx atoms of the core domain trans- 
membrane helices, and 1.9 A for 62 out of 88 of the dimerization domain 
transmembranes (Supplementary Fig. 5a, b). The change in position of 
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Figure 1 | NapA Na‘/H* transport activity is 
electrogenic. a, Experimental set-up for 
determination of Na*/Li* affinity and 
electrogenicity (the most likely stoichiometry is 
shown). The ATP synthase and NapA are 
co-reconstituted in liposomes. Free K* diffusion 
by valinomycin suppresses the effect of Ay. 
ACMA, 9-amino-6-chloro-2-methoxyacridine. 
b, Representative ACMA fluorescence traces for 
Na*/H* antiporter activity. ATP-driven H* 
pumping establishes a ApH (acidic inside) as 
monitored by quenching of fluorescence. H* efflux 
is initiated by the addition of NaCl/LiCl, and 
further NH4Cl addition collapses the proton 
gradient. c, Apparent binding affinity for Na* 
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(filled circles) and Li* (open circles) in NapA 
(pH7.5). d, Na‘/H™ antiporter activity monitored 
with liposome entrapped pH sensitive fluorophore 
pyranine. The fluorescence was recorded at 510 nm 
(excitation 406 and 460 nm) and the ratio of the 
two values was plotted against time. Na” -gradient- 
(~120 mV)-driven Na*/H* exchange was 
initiated by the addition of NaCl (red). Addition of 
valinomycin at 90s leads to further H™ efflux; this 
releases the inhibitory membrane potential 
established during the first transport phase. No 
Na’*-gradient-driven transport was observed in 
liposomes without NapA (black). Aw-driven 
Na*/H*-exchange transport was initiated by 
establishing a K" /valinomycin diffusion potential 
(green). No activity was observed in liposomes 
without NapA (data not shown). ex., excitation; 
F, fluorescence. 
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the core relative to the dimerization domain, which may reflect the 
difference in the pH at which the transporters were crystallized, gives 
rise to a large negatively charged cavity that is now open to the outside 
in contrast to the inward-facing funnel seen in NhaA (Figs 2b and 3b). 
The interaction between TM2 and TM4 and TMS tightly closes the 
cytoplasmic side of the cavity. 

NapA, like other bacterial and mammalian Na‘t/H* antiporters®'”"*, 
purifies as a dimer and is clearly dimeric in the structure with an exten- 
sive interface burying a surface area of 1,800 A” (Fig. 3 and Supplemen- 
tary Fig. 1c). In molecular dynamics simulations, the dimer sits entirely 
within a model membrane bilayer (Fig. 3c). The backbone r.m.s.d. from 
the starting conformation of each monomer increased to about 2.0 A 
over the time course of the simulation (Supplementary Fig. 6), indi- 
cating a slow relaxation of the crystal structure in the native-like mem- 
brane environment. The dimer has a crystallographic two-fold operator 
approximately parallel to the transmembrane helices, and it is largely 
made up of tight hydrophobic helix—helix packing between TM—1 on 
one monomer and TM7 on the other. There are also contacts between 
the ends of TM2 and TM9 (Fig. 3a, b). NapA lacks the B-hairpin domain 
that makes most of the contact between protomers at the extracellular 
membrane surface in NhaA*’’. The dimer interface in NapA more 
closely resembles the dimer interface modelled in the 7 A electron crys- 
tallography structure of NhaP1 (ref. 20), a CPA1 member from Metha- 
nocaldococcus jannaschii (formerly Methanococcus jannaschii). NhaP1 
also has 13 transmembrane helices built up from two six-transmembrane 
topology repeat units. 

The substrate-binding cavity is open to the extracellular side. The 
cavity begins above the dimerization interface and funnels between the 
dimerization and core domains, ending in the middle of the membrane 
(Fig. 3). It is considerably more open than the inward-facing cavity of 
NhaA* and is negatively charged, being lined with glutamate residues. 
Although there is a similar distribution of charged residues in NhaA 
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and NapA, few, including those that have been predicted to be involved 
in pH sensing’, are conserved between the two proteins (Supplemen- 
tary Fig. 7). Near the base of the cavity are two highly conserved aspar- 
tates, Asp 156 and Asp 157, located on TM5 (Supplementary Figs 2 
and 7). The residues equivalent to these aspartates in NhaA, Asp 163 
and Asp 164 (Supplementary Figs 2 and 7), probably coordinate ion 
binding based on their position, conservation with mammalian Na‘/H* 
antiporters’, phenotypes of mutants’”’, isothermal titration calorimetry 
(ITC) experiments’ and molecular dynamics simulations®. In NapA, 
mutation of either residue to alanine’ or asparagine abolishes transport 
activity completely (Supplementary Fig. 1d and Supplementary Table 2). 
With NapA crystals grown at pH 7.8, the aspartate residues are likely to 
be deprotonated. Consistent with this, Asp 157 is orientated towards 
the centre of the cavity rather than hydrogen bonding with the back- 
bone of TM4, as seen for Asp 164 in NhaA, an interaction that requires 
Asp 164 to be protonated (Supplementary Fig. 5c). Using solid-state 
membrane electrophysiology it was previously shown that NhaA trans- 
ports cations equally well in either direction and the transport activity 
profile fits a simple H* versus Na* kinetic binding model to a single 
common site’. To investigate whether Na’ ions would bindas expected, 
we carried out equilibrium molecular dynamics simulations of outward- 
facing NapA in a model membrane bilayer. Simulations were carried 
out with both Asp 157 and Asp 156 deprotonated, as they are likely to 
be in the crystal structure, and also as combinations of their neutral and 
charged forms. With both aspartates charged, Na“ ions spontaneously 
entered the negatively charged extracellular cavity to bind to Asp 157 
(Fig. 3c and Supplementary Fig. 8). Na’ ions were concentrated at 
Asp 157 (Supplementary Fig. 8) and multiple distinct binding and unbind- 
ing events could be observed, which is qualitatively consistent with 
weak binding. By contrast, Na” ion binding was not observed when 
Asp 157 was protonated and was markedly reduced when Asp 156 was 
neutral (Supplementary Fig. 8). In molecular dynamics simulations of 
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Figure 2 | Outward-facing NapA structure. a, Cartoon representation of 
NapA as viewed in the plane of the membrane. Transmembrane helices —1 to 
12 have been coloured from red at the amino terminus to blue at the carboxy 
terminus, with the position of the membrane depicted in grey. 

b, Outward-facing NapA structure (left) and inward-facing NhaA structure 
(right) as viewed from the extracellular side with the removal of the B-hairpin 
domain located between transmembrane helices 1 and 2 from NhaA to 
facilitate visual comparison. The dimerization and core domain boundaries are 
represented by a grey line. 


inward-facing NhaA, Na” binds to the equivalent aspartate (Asp 164)°, 
which is positioned at the base of the cytoplasmic cavity. 

Asp 156 and Asp 157 on TM5 are located next to the point at which 
the two antiparallel discontinuous helices, TM4a-b and TM1 1a-b, cross 
over in the core domain (Supplementary Fig. 5c). Although disconti- 
nuous helices are a common feature for ion-binding in transporters”’, 
the antiparallel crossing over of transmembrane helices is a unique feature 
of the NhaA fold*™. It results in the positive dipole ends of TM4a and 
TMl11a facing one another and likewise the negative dipole ends of 
TM4b and TM11b. In NhaA, the dipoles are proposed to be neutralized 
by the side chains of an aspartate (Asp 133; TM4a-b) and a lysine 
(Lys 300; TM10), respectively (Supplementary Fig. 5c). The lysine 
(Lys 305) is retained in NapA but the aspartate is replaced by a serine, 
as it is in human NHA2 (Supplementary Figs 5c and 7). From the 
structure, however, it appears the side chain of Glu 333 from TM11b 
can take a similar position to the carboxylate of Asp 133 (Supplemen- 
tary Figs 5c and 7). The positions of these two residues are pseudo- 
symmetrically related; the functional significance of this swap is unclear. 
Although the mutation of Glu 333 to alanine affected the apparent 
affinity for Li* only slightly (<3-fold), the affinity for Na* was severely 
decreased (>15-fold), which is in agreement with the results obtained 
from an Asp 133 to alanine mutation in the NhaA protein” (Supplemen- 
tary Table 2). By contrast, the mutation of the highly conserved Lys 305 
to alanine severely decreased both Na‘ and Li* affinity (>20-fold; 
Supplementary Table 2). It was recently speculated that Lys 300 in 
NhaA could have more than a stabilizing role and that it could also 
form part of the pH activation mechanism, as mutation to arginine 
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Figure 3 | Structure of NapA dimer and proposed Na*/(Li*)-binding site. 
a, Cartoon representation of the NapA dimer structure, with transmembrane 
helices for one monomer labelled in cyan and the other in yellow. The 
transmembrane helices of the dimerization domains are coloured in pale 
orange, and the core ion-translocation domains are in sky blue, connected 
together by TM6 shown in grey. b, Electrostatic surface representation showing 
the location of the negatively charged extracellular cavity as a section through 
the protein from above (same orientation as in a). The proposed ion-binding 
aspartate, Asp 157, is illustrated as a stick model. c, In molecular dynamics 
simulations, the NapA dimer is stable in a 4 POPE (white):1 POPG (grey) lipid 
membrane (POPE, 1-palmitoyl-2-oleoylphosphatidylethanolamine; POPG, 
1-palmitoyl-2-oleoylphosphatidylglycerol). Sodium ions (magenta spheres) 
spontaneously bind to Asp 157 at the bottom of the outward-facing cavity. The 
approximate thickness of the hydrophobic core and headgroup regions of the 
membrane are indicated. 


changed the pH at which NhaA becomes active’. In the NapA struc- 
ture, Lys 305 forms a salt bridge with Asp 156 (Supplementary Figs 5c 
and 8a). Notably, we have recently observed a similar interaction in a 
different crystal form of NhaA at low pH (O.B. et al., manuscript in 
preparation). We would expect, however, that after cation binding to 
Asp 156 and Asp 157 the salt bridge is disrupted. As such, the inter- 
action observed here supports the role of lysine in pH activation. 
Previously, it was proposed that the exceptionally fast transport of 
Na’ /H® antiporters would primarily involve local rearrangements of 
the finely electrostatically balanced discontinuous helices in the core 
domain’. However, the major structural difference between NapA and 
NhaA is in the position of the core domain in relation to the dimerization 
domain (Supplementary Fig. 5a, b). With reference to the dimerization 
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interface, which seems likely to remain stable during transport across the 
membrane’”®, the core domain in the NhaA structure is rotated by 21° 
relative to the core of NapA (Fig. 4a, b). This large rotation of the core 
domain closes the cavity seen on the outside of NapA and opens the 
cytoplasmic funnel on the inside, as observed in NhaA (Supplementary 
Videos 1 and 2). During this process, the two cation binding aspartates, 
which are in line with the tip of TM8 in the dimerization domain of the 
outward-facing NapA structure, are shifted 10 A towards the cytoplas- 
mic surface of the transporter (Fig. 4a). This elevator movement of a 
substrate-binding domain, in this case to carry Na‘ (Li‘) ions from one 
side of the membrane to the other in exchange for protons, resembles 
that of the transport mechanism seen in the glutamate transporter 
Gltpy, (ref. 27). A two-domain transport mechanism was also recently 
predicted in NhaA, on the basis ofa consideration of the two symmetry- 
related inverted repeats as well as elastic network models and biochemi- 
cal cross-linking’*. Such a mechanism was also proposed for the bile 
acid sodium symporter ASBTyyy (ref. 24), which is a structural homo- 
logue of NhaA and NapA. 

In summary, the structure of NapA is consistent with a single ion- 
translocation site mechanism, of which the strictly conserved Asp 157 
(Asp 164 in NhaA) is ideally positioned for binding ions in outward- 
and inward-facing states (Fig. 4b). To provide alternating access to the 
aspartate, however, requires a surprisingly large movement of the core 
domain that twists around the dimerization interface, in essence crea- 
ting a two-domain rocking bundle model. Although further structures 
are needed to clarify how ion binding and release is coupled to these 
global changes, the NapA structure provides a clear example that the 
extent of the conformational change may not necessarily correlate with 
the rate of transport or the size of the substrate transported, as previ- 
ously assumed. Thus, the NapA structure also reveals fresh mecha- 
nistic insights relevant to all types of ion-coupled transporters. 


METHODS SUMMARY 


NapA was cloned into a cleavable green fluorescent protein (GFP)—Hisg fusion 
vector pWaldoGFPe". The fusion protein was expressed in E. coli, solubilized in 
1% dodecyl-B-p-maltopyranoside (DDM), and purified to homogeneity in either 
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Figure 4 | Alternating access model of sodium- 
proton antiport. a, Surface representation 
showing a section through the outward-facing 
NapA structure (left) and inward-facing NapA 
model (right) (see Methods and Supplementary 
Videos 1 and 2). The position of Asp 157 is denoted 
by an asterisk, and the helices have been coloured 
as in Fig. 3. For the sake of clarity, only one 
molecule is shown. b, Schematic of the proposed 
transport mechanism that illustrates the 
conformational changes with the core moving 
against the dimerization domain. Protons (shown 
in blue) bind to the core domain in the 
outward-facing state (left) causing it to switch to 
the inward-facing state (right). On the inside, 
protons are exchanged for sodium (green) and the 
core domain moves back to the outside. Asp 157 
(shown in red), which is crucial for binding both 
one of the protons and the sodium ion, moves 
approximately 10 A during this process. Other 
residues involved in ion binding are not shown. 


DDM or 1% nonyl-f-b-maltopyranoside. The NapA proteoliposome uptake assay 
was modified as previously described’. Crystals were grown at either pH 7.8 or 9.0 
by the vapour diffusion method. Data were collected on beamlines 102 and 103 at 
the Diamond Light Source or ID 23-1 and 23-2 beamlines at the European Synchro- 
tron Radiation Facility. The protein was derivatized before crystallization by incu- 
bation with 2.5 mM mercury acetate. The NapA structure was solved by multiple 
isomorphous replacement with anomalous scattering in combination with multi- 
crystal averaging and refined at a resolution of 3 A. Molecular dynamics simula- 
tions were performed as described in the Methods. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 


Thermus thermophilus NapA sequence (Uniprot accession number Q72IM4); resi- 
dues progressively substituted to cysteine are underlined, and additional C-terminal 
residues retained after TEV cleavage are shown in italics (see next section for cloning 
details). 

MHGAEHLLEIFYLLLAAQVMAFIFKRLNQPVVIGEVLAGVLVGPALLGLV 

HEGEILEFLAELGA VFLLFMVGLETRLKDILAVGKEAFLVAVLGVALPFLGGY 
LYGLEIGFETLPALFLGTALVATSVGITARVLQELGVLSRPYSRILGAAVIDDV 
LGLIVLAVVNGVAETGQVEVGAITRLIVLSVVFVGLAVFLSTLIARLPLERLPV 
GSPLGFALALGVGMAALAASIGLAPIVGAFLGGMLLSEVREKY RLEEPIFAIES 
FLAPIFFAMVGVRLELSALASPVVLVAGTVVTVIAILGKVLGGFLGALTQGV 
RSALTVGVGMAPRGEVGLIVAALGLKAGAVNEEEY AIVLFMVVFTTLFAPF 
ALKPLIAWTERERAAKEGSENLYFQ. 
Expression screening, mutagenesis, protein purification and characterization. 
NhaA homologues were cloned as green fluorescent protein (GFP)—Hisg fusions 
into the vector pWaldoGFPe (ref. 13), as fluorescence from the C-terminal GFP 
fusion is a reliable reporter of membrane-integrated expression”. The monodis- 
persity of expressed fusions were screened in a number of different detergents by 
fluorescence-detection size-exclusion chromatography’. NapA from T. thermo- 
philus was selected as a suitable candidate showing stability in a wide range of deter- 
gents including the harsh detergent N-dodecyl-N,N-dimethylamine-N-oxide™’. 
Expression levels of the protein were initially low in standard culture conditions, 
but improved significantly using MemStar, which is a new strategy for boosting 
expression of membrane proteins in E. coli (C.L. et al., manuscript in preparation). 
In brief, Lemo21(DE3) cells*’ were grown at 37 °C in PASM-5052 media”, with 
and without selenomethionine incorporation, and induced with 0.4 mM isopro- 
pyl-B-p-thiogalactoside (IPTG) at an absorbance (Agoonm) of 0.5 for overnight 
incubation at 25°C. 

Wild-type NapA and mutants generated by Quickchange protocol (Agilent Tech- 
nologies) were purified essentially as previously described’. Membranes were iso- 
lated from 5-1 E. coli cultures and solubilized in 1% dodecyl-B-p-maltopyranoside 
(DDM; Generon) for 2 h in buffer containing 1 PBS, 150 mM NaCl and 10 mM 
imidazole. The suspension was cleared by ultracentrifugation at 120,000g for 1h. 
The sample was mixed with 1 ml of Ni-NTA Superflow resin (Qiagen) per 1 mg of 
GFP-Hisg and incubated for 2h at 4°C. Slurry was loaded onto a glass Econo- 
Column (Bio-Rad) and washed in 1X PBS buffer containing 0.1% DDM, 150 mM 
NaCl and 20 mM imidazole for 20 column volumes. Bound material was washed 
for a further 20 column volumes in the same buffer containing 50 mM imidazole. 
The NapA-GFP-Hisg fusion was eluted in two column volumes of 1X PBS buffer 
containing 0.6% nonyl-B-b-maltopyranoside (NM; Generon), 150 mM NaCl and 
250 mM imidazole. The eluted protein was dialysed overnight in the presence of 
stoichiometric amounts of Hisg-tagged tobacco etch virus protease in 1.51 of buffer 
containing 20 mM Tris-HCl, pH 7.5, 150 mM NaCland 0.5% NM. Dialysed sample 
was passed through a 5 ml Ni-NTA His-Trap column (GE Healthcare), and the 
flow-through containing NapA was collected. Protein was concentrated to 10 mg 
ml ' using concentrators with a relative molecular mass cut-off of 100 kilodaltons 
(kDa), and was loaded onto a Superdex 200 10/300 gel filtration column (GE 
Healthcare) equilibrated in 20mM Tris-HCl, pH 7.5, 150mM NaCl and 0.45% 
NM (Anatrace). The protein peak was collected and concentrated to 10 mg ml! 
for crystallization. 

Purified NapA was loaded onto a Superdex 200 10/300 size exclusion column 
(GE Healthcare) coupled to a Viscotek TDAmax tetra detector array (Malvern) with 
GPCmax solvent pump and integrated auto-sampler, using the OmniSEC software 
for data analysis. The SEC-UV/LS/refractive index system was equilibrated in 20 mM 
Tris-HCl, pH 7.5, 150 mM NaCl and 0.03% DDM at a flow rate of 0.3 ml min” |. 
Standard gel filtration molecular weight markers were used for calibration and all 
proteins were analysed under the same experimental conditions. Data were collected 
from the refractive index, right angle LS (RALS) and UV 280 nm detectors. The oligo- 
meric state of NapA from the NapA-detergent micelle was calculated using methods 
described previously™*. 

NapaA transport activity. In this set-up (Fig. 1a), the described Na*/H* antiport 
with inverted membrane vesicles was mimicked*"*. For this, we co-reconstituted 
E. coli F\Fy ATP synthase and T. thermophilus NapA in the same vesicles. Although 
ATP synthase under these conditions has been shown to orient unidirectionally”, 
NapA most probably has a heterogeneous orientation, which might affect apparent 
K,, values. Furthermore, a mixture of. liposomes containing none, one or two enzymes 
is expected. Only the liposomes containing ATP synthase will lead to initial ACMA 
quenching, but only those containing both ATP synthase and NapA will lead to 
dequenching after addition of the coupling ion. Furthermore, it is expected that a 
new equilibrium is reached after every addition, which might influence the extent 
of dequenching. This is demonstrated by the addition of NH,Cl at the end of every 
measurement, in which any remaining ApH is dissipated. In brief, purified NapA 


wild-type and mutants were co-reconstituted with purified ATP synthase from 
E. coli with an ~2:1 molar ratio (NapA:ATP synthase) in MME buffer (10 mM 
MOPS-NaOH, pH7.5, 2.5mM MgCl, 100mM KCl) as described for ATP 
synthase**”*. Typically, 50 pil proteoliposomes were diluted into 1.5 ml MME buffer 
containing 3 nM ACMA and 140 nM valinomycin. Fluorescence was monitored at 
480 nm using an excitation wavelength of 410 nm in a fluorescence spectropho- 
tometer (Cary Eclipse, Agilent Technologies). An outward-directed pH gradient 
(acidic inside) was established by the addition of 2mM ATP, as followed by a 
change in ACMA fluorescence. After ~2 min equilibration, the activity of NapA 
wild-type and mutants thereof was assessed by the dequenching of ACMA fluo- 
rescence after addition of the indicated concentrations of NaCl or LiCl. Addition 
of 20mM NH,Cl leads to near complete dequenching. Each experiment was 
performed in triplicate. 

Na*/H* antiport activity by NapA is electrogenic. In this set-up, we followed 
ApNa or Ay driven H* transport as a consequence of electrogenic Na*/H* 
exchange activity. In this sensitive assay, liposomes containing the highly soluble 
and membrane impermeable pH sensitive dye pyranine were used to follow H* 
influx or efflux. A Na* gradient was established by the addition of NaCl, whereas 
an electrical membrane potential was established with a K* /valinomycin diffusion 
potential. 

Reconstitution of NapA into liposomes containing pyranine was essentially 
performed as described”’. In brief, to a 500 ul liposome (40-80 nm) suspension 
(soy bean lipids, type II, SIGMA, 20 mg ml!) in buffer A (10 mM MOPS-PO,, 
pH7.5), 45 ul cholate (20% stock solution) and 17 pl NapA (50 UM, purification 
buffer) was added and incubated for 30 min at room temperature with occasional 
mild mixing. The cholate was removed via a PD-10 gel filtration column (GE Health- 
care) equilibrated with buffer A and the proteoliposomes in the void volume were 
collected (~1.2 ml). They were diluted to 8 ml with buffer A, collected via ultra- 
centrifugation (200,000g, 4 °C, 30 min) and resuspended in 250 il buffer A. Then, 
125 ul of proteoliposomes was mixed with 1 mM pyranine (0.1 M stock solution) 
and the desired Na,SO, and K,SO, concentrations, frozen in liquid nitrogen, 
thawed in water and briefly sonicated in a bath type sonicator (2 X 5s). The 
freeze/sonication procedure was repeated once. The external pyranine was subse- 
quently removed via a prepacked G25 gel filtration column (GE Healthcare) and 
the proteoliposomes, equilibrated in buffer A, were collected from the void volume 
of the column. 

Pyranine fluorescence measurements monitoring pH changes on the inside of 
the proteoliposomes were performed as described”. Typically, an amount of 20 pl 
liposomes containing the desired Na* and K* concentrations was mixed with 
2.5 ml buffer containing the same buffer with the appropriate salt concentrations. 
After 30 s, exchange activity was either initiated by the addition of 50mM Na” to 
the outside (0.5 mM Na’ on the inside), establishing an inwardly-directed Na* 
gradient (~120 mV), and leading to H™ efflux. Accordingly, in a system in the 
absence of Na~ gradient (50 mM Na* on both sides), but in the presence of a Kt 
gradient (100 mM K* inside, 1 mM K* outside liposomes), addition of valino- 
mycin (10 nM) established a membrane potential of ~120 mV (inside negative) 
driving H* influx (and Na” efflux). 

Crystallization and preliminary screening. Crystals were grown at 20 °C using 
the hanging drop vapour diffusion method. A 1 pl aliquot of pure protein was mixed 
1:1 with reservoir solution containing 0.001 M zinc sulphate, 0.05 M HEPES, pH 7.8 
and 22-36% PEG 600 (mutants) or 0.05M glycine, pH 9.0, 0.05 M magnesium 
acetate, 26% PEG 400 (wild type). Crystals appeared overnight and reached maxi- 
mum size after 3-4 days. For specified crystals, coverslips were transferred for 
overnight incubation with reservoir solution containing 2% increments of PEG 
400. Dehydrated crystals in 30-36% PEG 400 were finally soaked with 1 il reservoir 
solution containing 1% NM and 40% PEG 400 followed by flash freezing in liquid 
nitrogen before data collection. 

Data were collected at the European Synchrotron Radiation Facility and Diamond 
Light Source. Most of the crystals were triclinic, however, very occasionally crystals 
with different space groups were observed. The highest resolution data were col- 
lected from an orthorhombic crystal of the triple mutant that had been reannealed 
on the beamline. This crystal was grown with 0.025% dichloromethane (Hampton 
Research) as an additive. 

Structure determination. To obtain phases cysteine mutants were introduced 
into the protein to enable derivatization with mercury. Three positions were chosen 
(Met 20, Vall 66 and Val 326) and single, double and triple mutants created as 
described above. Mercury-derivatized protein was prepared by incubation of the 
protein at 20°C for 1h with 2.5mM mercury acetate. The structure was solved 
using MIRAS from four triclinic crystals (native, mercury derivatized and seleno- 
methionine) as shown in Supplementary Table 1. Data were processed using the Xia2 
pipeline** to XDS”, with further processing using the CCP4 suite of programs”. 
Heavy atom sites were located from anomalous difference Patterson maps of 
the double mutant using the program RSPS"". Phases were calculated and refined 
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in SHARP”. Further mercury and selenomethionine sites were located in resi- 
dual maps. The crystals contain four molecules in the asymmetric unit. Non- 
crystallographic symmetry operators were determined from the heavy atom 
positions and averaging was carried out in DM* with a mask calculated in O*. 
This map was then used as a search model for molecular replacement in Phaser* 
for the P2, and C222, data sets. On the basis of the operators obtained, multi- 
crystal averaging in DMMULTI™ using the P1 (4 molecules in au), P2, (2 mole- 
cules in au) and C222, (1 molecule in au) data sets was carried out. This gave maps 
of sufficient quality to see all 13 helices of the NapA subunit. Model building was 
carried out in O* and COOT” and was facilitated by the positions of the mercury 
and selenomethionine peaks. Refinement of the atomic coordinates and individual 
B-factors using the C222, data at 2.9 A was carried out in PHENIX”’. Secondary 
structure restraints were applied and refinement was interspersed with rebuilding 
using O and COOT. Peaks in anomalous difference maps indicated the presence of 
two zinc ions bound to the protein on the periplasmic surface to residues at the N 
terminus of TM—1 and the loop between TM1 and TM2. The final refinement 
statistics are shown in Supplementary Table 1. 

Maps were calculated based on the final refined model for the data from the wild 
type selenomethionine derivatized crystals (Supplementary Table 1). At 3.7 A resolu- 
tion no clear differences were observed and the positions of the peaks in the 
anomalous difference maps were consistent with the positions of the methionines 
in the structure (data not shown). 

Superpositions were carried out in Lsqman* such that all matching Co. pairs 

were less than 3.8 A apart after superposition. Figures were drawn using Pymol” 
except those showing electron density, which were made using CCP4mg”. The 
inward-facing model of NapA was created by superposing the core and dimeriza- 
tion domains of NapA onto the corresponding domains of NhaA separately. The 
only adjustments that were made to the model were to the polypeptide chain 
between the two domains. No modifications were made to alleviate the clashes 
between the loop between TM—1 and TM1 and TM4a. The video was made in 
Lsqman* by morphing between the outward-facing crystal structure and the 
inward-facing model displayed using Pymol’*. 
Molecular dynamics simulations. Molecular dynamics simulations of the NapA 
dimer in a mixed POPE/POPG bilayer were carried out with the Gromacs simu- 
lation package”’, either version 4.5.5 or a development version of 4.6. All simula- 
tions employed the CHARMM force field including CMAP***? with the original 
TIP3P water model™ and updated CHARMM parameters for POPE and POPG 
lipids (CHARMM)*, as implemented in Gromacs”'. The ratio of POPE to POPG 
molecules was about 4:1 to approximate the major components of the E. colimem- 
brane. We used a multi-scale approach to embed the dimer into the membrane”. 
The protein was first simulated in a coarse grained representation” and the mem- 
brane was allowed to self-assemble around the protein from a random mixture of 
lipids and water in the simulation box”*. After 200 ns simulation with an integra- 
tion time step of 20 fs the bilayer had assembled around the NapA dimer. In the 
second step of the multi-scale approach, the system was converted to the CHARMM 
atomistic representation with the CG2AT protocol” and the original crystal struc- 
ture inserted in place of the back-translated protein. The simulation system con- 
sisted of an orthorhombic simulation box of size 114 A x 114 A X 91 A containing 
118,832 atoms in 768 protein residues, 215 POPC and 57 POPG lipids, 180 Na‘, 
109 Cl ions and 24,575 water molecules. The free NaCl concentration was about 
250 mM in all simulations to approximate the outward-open transporter facing an 
environment of increased salt stress. 

Most titratable residues were predicted by PROPKA™ to be in their default charge 
states at pH 7.8 and were simulated as such (including deprotonated Asp 156 and 
Asp 157, with predicted pK, as 3.2 and 5.7). The pK, of the buried Lys 305 was 
predicted to be 9.5, with its charged form partially stabilized by a salt- bridge with 
the (charged) Asp 156. Therefore, Lys 305 was simulated in its protonated (posi- 
tively charged) form. For a number of residues the predicted value was within 1 unit 
of the environmental pH value we wished to simulate and for those residues we 
rationalized our choices as follows: The pK, of Glu 333 was predicted as 7.0. Glu 333 
might help to stabilize the helix dipoles of helices TM4a and TM11a (similar to 
Asp 133 in NhaA) but such a charge-dipole interaction is not encoded in the empi- 
rical rules of the PROPKA algorithm”. Furthermore, simulations clearly showed 
that Glu 333 protrudes into the outward facing cavity and is solvated. We, therefore, 
adopted a charged Glu 333. His 6 and His 51, which reside on the surface and do not 
seem to have any specific mechanistic role, had predicted pK, of 7.8 and 7.1 and 
were modelled in their dissociated (neutral) form. 

Equilibrium molecular dynamics simulations were performed with periodic boun- 
dary conditions at constant temperature T = 323 K and pressure P = 1 X 10° Pausing 
the velocity rescaling algorithm for the thermostat (time constant 0.1 ps)° and 
semi-isotropic Parrinello-Rahman barostat (time constant 5.0 ps, compressibility 
4.6 X 10°'° Pa"!, coupling every 10 steps)*". Long range corrections for energy and 
pressure were applied”. Lennard-Jones interactions were switched off between 8 A 
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and 12 A, and electrostatic interactions were handled by the SPME method® in 
which Coulomb interactions were computed in real space up to a cut-off of 12A 
and long range interactions beyond the cut-off were calculated in reciprocal space 
with fast Fourier transforms on a grid with spacing 1.2 A and fourth order splines 
for fitting of the charge density. The grid-based neighbour list was updated every 
five steps to a distance of 14 A. Bonds to hydrogen atoms were constrained with the 
P-LINCS algorithm or SETTLE (for water molecules)**. The classical equations 
of motions were integrated with a leap frog integrator and a time step of 2 fs. 
Conformations were saved every 1 ps for analysis. 

The simulation protocol included an initial energy minimisation of the atomistic 
system and a 1-ns equilibrium simulation during which the protein heavy atoms 
were restrained with a harmonic force with force constant of 1,000 kJ mol” nm? 
An initial unrestrained simulation of the dimer with Asp 156 and Asp 157 in their 
default protonation state was run for 100 ns. Eight additional 100-ns simulations 
were performed in three sets (two simulations in set 1, five in set 2, one in set 3). The 
starting configuration for each set was generated from the last frame of the initial 
simulation by exchanging any sodium ion within 3 Aof Asp 157 or Asp 156 witha 
random bulk water molecule. Repeats in each set always differed by the seed of the 
random number generator, thus leading to differing initial assignments of veloci- 
ties and generation of independent trajectories through the stochastic component 
of the velocity rescaling thermostat®, as seen from the different r.m.s.d. time series 
in Supplementary Fig. 6. 

Additional simulations were performed to assess the influence of the protona- 
tion state of the conserved residues Asp 156 and Asp 157 on sodium binding as 
performed previously for NhaA*. Two independent 100-ns simulations were per- 
formed for each of (1) Asp 156 deprotonated (negatively charged) and Asp 157 
protonated (neutral), (2) Asp 156 protonated and Asp 157 deprotonated, and (3) 
both Asp 156 and Asp 157 protonated. Charge states were modified with the Gromacs 
tool pdb2gmx”’. These six simulations used the 100-ns frame of the initial simu- 
lation (default charge states) with any sodium ions near the aspartates exchanged 
with a bulk water molecule as a well-equilibrated starting conformation. In each 
case, a 1-ns position restraint simulation (as above) was followed by a 100-ns produc- 
tion equilibrium simulation. 

Simulations were analysed with MDAnalysis® and Gromacs tools*'. To calcu- 
late the sodium density, data from all nine simulations with the deprotonated 
aspartates were used at 1-ps intervals. lon binding and unbinding to each protomer 
appeared to be independent so that data for both protomers were combined by 
superpositioning trajectories of both protomer A and protomer B on the coordi- 
nates of protomer A from the start of the initial simulation. The density was calculated 
by histogramming sodium coordinates in cubic volume elements at a resolution of 
1 A ina fixed coordinate system defined by the initial coordinates of protomer A. 
The thicknesses of bilayer regions were calculated from the distributions of the 
headgroup phosphate and acyl chain atoms along the membrane normal, using 
trajectories superpositioned on the dimer. 

Images showing simulation data were prepared with VMD*® and the Bendix 
plugin for curved helices” or UCSF Chimera™”. 
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CORRECTIONS & AMENDMENTS 


CORRIGENDUM 
doi:10.1038/naturel2528 


Corrigendum: Weakened 
stratospheric quasibiennial 
oscillation driven by increased 
tropical mean upwelling 


Yoshio Kawatani & Kevin Hamilton 


Nature 497, 478-481 (2013); doi:10.1038/nature12140 


In this Letter, the QBO amplitudes were calculated incorrectly. The 
corrected values (consistent with the description of the methods in the 
paper) are all larger than those reported, generally by about 10-20%. 
The error has only a very small effect on the percentage trends of any 
of the time series examined, and the conclusions of the original paper 
are unaffected. The detailed claims throughout are unaffected, except 
that the significance threshold for the QBO amplitude trend reported 
for the MIROC-ESM-CHEM simulation during the 1953-2012 period 
should be P < 0.08 instead of P < 0.06 as reported originally. This error 
and Figs 1-3 and Supplementary Figs 3 and 9 have been corrected in 
the HTML and PDF versions of the original paper. We thank L. D. 
Oman for bringing this to our attention. 


ERRATUM 
doi:10.1038/nature12619 


Erratum: Anaerobic oxidation of 
methane coupled to nitrate 


reduction in a novel archaeal lineage 


Mohamed F. Haroon, Shihu Hu, Ying Shi, Michael Imelfort, 
Jurg Keller, Philip Hugenholtz, Zhiguo Yuan & Gene W. Tyson 


Nature 500, 567-570 (2013); doi:10.1038/nature12375 


In this Letter, equation (1) was inadvertently shown incorrectly, with 
CO, missing from the reaction products. The correct equation (1) is 
shown below: 

CH,+4NO; >CO,+4NO; +2H,O (1) 


This has been corrected in the HTML and PDF versions of the original 
manuscript. 
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CORRIGENDUM 
doi:10.1038/naturel 2641 


Corrigendum: LRG1 promotes 
angiogenesis by modulating 
endothelial TGF-f signalling 


Xiaomeng Wang, Sabu Abraham, Jenny A. G. McKenzie, 
Natasha Jeffs, Matthew Swire, Vineeta B. Tripathi, 

Ulrich F. O. Luhmann, Clemens A. K. Lange, Zhenhua Zhai, 
Helen M. Arthur, James W. B. Bainbridge, Stephen E. Moss 
& John Greenwood 


Nature 499, 306-311 (2013); doi:10.1038/nature12345 


In Supplementary Fig. 13 of this Article, we inadvertently duplicated 
two of the representative retinal vascular flat-mount images. The wild- 
type P10 superficial plexus was duplicated and shifted approximately 
10 degrees and displayed as the Lrgi~’~ P10 superficial plexus. The 
wild-type P25 deep plexus was duplicated and inverted and displayed 
asthe Lrg] ‘~ P25 deep plexus. The Supplementary Information of this 
Corrigendum shows the corrected Supplementary Fig. 13, in which the 
duplicated images have been replaced with representative images of the 
Lrgl ’~ mouse P10 superficial plexus and the Lrg] ’~ mouse P25 
deep plexus. We have reanalysed all of the correct images and find our 
conclusions unchanged. 


Supplementary Information is available in the online version of this Corrigendum. 
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BY GENE RUSSO 


fter finishing her PhD in April, Kristina 
Ase came to a crossroads. Should 

she pursue the tantalizing dream of 
pure research in academia, or find an industry 
job in which product sales govern priorities and 
shape career prospects? Her decision depended 
on many considerations — what did she enjoy 
most? What was most satisfying? Where would 
the hottest jobs be? And then there was that 
other matter looming in the back of her mind 
and sometimes keeping her up at night: the fact 
that she is tens of thousands of dollars in debt. 

Stemler is one of many junior researchers 
who face huge debt on top of the already- 
daunting burdens of getting funding, landing 
a position and toiling for long hours in the lab. 
Debt can cause stress and change the calculus 
of career decisions. It does not usually accu- 
mulate as a result of graduate studies — for 
which students often get fellowships or other 
funding — but from the ever-increasing cost 
of an undergraduate education. In the United 
States, tuition fees have increased faster than 
inflation, and total student debt now exceeds 
the nation’s credit-card debt. 

Managing the bills is an ever-growing chal- 
lenge. But even if early-career scientists have 
the resources to avoid amassing huge debt, 
they still have to face fiscal realities. Graduate 
students must learn to get by on sometimes 
meagre stipends while still planning ahead 
for big costs — buying a home, setting aside 
a rainy-day fund or squirrelling away cash 
for retirement. In a tight funding climate and 
tough academic job market, they are discover- 
ing the importance of financial planning. 


DEBT COLLECTION 

Gauging the scope of the debt problem for 
graduate students is difficult, but the 2013 
Nature Careers Graduate Student Survey 
included questions intended to measure money 
anxiety (for further results, see “Graduate 
trends’). Of more than 5,000 graduate students 
who responded by e-mail, on websites and 
through social media, 39% were ‘concerned’ or 
‘very concerned’ about debt. (Even more may 
have been so concerned about debt that they 


| 1e 4 left higher education, but the survey reached 
nanclia ur en only current students). According to the US 
National Science Foundation, life scientists 

who earned a PhD in the United States in 2011 


Graduate students face big decisions about money. ee ey aie rae 


They can benefit from wise counsel and carefulforethought. For graduate students around the world, > 
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> debt can be a career game-changer (see 
“Money woes in China’). Dismayed by her 
financial burden and the bleak job prospects 
in academia, Stemler is planning to move into 
translational medicine and then, she hopes, 
into cancer-diagnostics research at a biotech- 
nology or pharmaceutical company. To help 
with that, she is about to embark on a post- 
doc at the University of Texas MD Anderson 
Cancer Center in Houston, where she wants 
to focus on the miti- 


gation of chemother- “Ina tig: ht 

apy symptoms and funding climate 
how cells respond andtough 

to treatment. “Iwas academicjob 
already disillusioned market, students 
with the situation are discovering 
now in academia, fhe importance 
she tells Nature while of financial 

ona break from driv- planning.” 

ing from her graduate 


school, Washington University in St. Louis, 
Missouri, to Houston. “And then I had finan- 
cial worries — and there was the sequester” 
(see Nature 498, 527-528; 2013). 

But some students, such as survey respond- 
ent Aditi Dubey, are still intent on pursuing 
academia. Dubey, who is undertaking a mol- 
ecular-biology PhD at Rutgers University in 
New Brunswick, New Jersey, was fortunate 
in that her parents helped her to pay for her 
undergraduate degree at Drexel University 
in Philadelphia, Pennsylvania. She also took 
a part-time job. Now in the fifth year of her 
PhD, she is relatively debt-free; her annual 
$28,000 stipend has been sufficient, although 
she does have to miss the occasional confer- 
ence if her principal investigator does not 
have the funding. But Dubey is cognizant of 
her financial constraints, and she covets the 


milestone acquisitions of many young profes- 
sionals: a car, a house. 

Dubey plans to do a postdoc in neuroscience, 
and to stay in academia unless she fails to secure 
a professorship after a sustained, concerted 
effort. She revels in the freedom, pace and 
culture of academic research — benefits that 
she found lacking ona research placement at 
pharmaceutical company Merck in West Point, 
Pennsylvania, during her undergraduate stud- 
ies. Industry is Dubey’s plan B; her plan C is to 
become a consultant on life-sciences research. 
“Finances could be why I give up on the aca- 
demic track,” she says. 

Michael Sunde, who studies geographic 
information systems (GIS) at the University 
of Missouri in Columbia, has similar financial 
concerns. His skills put him in demand in the 
private sector, but he remains keen on aca- 
demia, aiming for a post in which he can apply 
GIS to urban-growth issues such as modelling 
and tracking rainwater runoff. Private-sector 
opportunities are more plentiful and, in many 
cases, better paid — he has several classmates 
who have been recruited by defence contractors 
interested in monitoring objects of interest, not 
weather. But academia remains Sunde’s ideal 
despite his debt of about $50,000. “There’s so 
much anxiety that I can’t think about it,” he says. 
“T have to push it aside.” 


FINANCIAL MANAGEMENT 

The US Council of Graduate Schools (CGS) 
in Washington DC, an association of US uni- 
versities, has taken notice of such cases. Last 
November, the CGS and TIAA-CREF a finan- 
cial-services provider based in Charlotte, North 
Carolina, launched the first phase ofa three-year 
programme to improve the debt-management 
and financial-planning abilities of graduate and 


GLOBAL OUTLOOK 


Money woes in China 


Researchers in China face some of the 
most acute debt worries, according to the 
2013 Nature Careers Graduate Student 
Survey. In China, 67% of respondents were 
‘concerned’ or ‘very concerned’ about their 
debt. Of the other countries with sizeable 
respondent samples, the Netherlands had 
the fewest expressing concern, at 17%; the 
United Kingdom was next lowest at 20%. In 
the United States, 26% of respondents were 
concerned or very concerned. 

For many students in China, and Asia in 
general, such worries are attributable to rising 
education costs and tough job markets, says 
Denis Simon, an expert on China and vice- 
provost for international strategic initiatives 
at Arizona State University in Tempe. 
Increasingly, he notes, Chinese students 
who come to the United States for what they 


hope will be a superior education are not just 
the wealthy, but also from the middle class. 
Their families struggle to pay the US$40,000 
per year or more for a full undergraduate 
education — much more than in China. 

There is little financial assistance available for 
foreign students in the United States, and it is 
hard for them to get jobs off campus for more 
than 10-15 hours a week. Those who go on to 
graduate studies hold large debt — and many 
graduates, says Simon, have difficulty finding 
well-paid jobs. The costs of living in Beijing or 
Shanghai are challenging, whether one has 
studied abroad or not. 

“The concern about having to be 
successful upon graduation runs deep,” 
says Simon, “especially for Chinese, who 
may borrow from within their families and 
relatives.” G.R. 


580 | NATURE | VOL 501 | 26 SEPTEMBER 2013 


© 2013 Macmillan Publishers Limited. All rights reserved 


undergraduate students. So far, 15 institutions 
have been selected to participate; each received 
grants to develop financial-literacy projects, 
assess students’ needs and augment financial- 
planning resources and tools. Another 19 affili- 
ate university partners will be invited to share 
education tools and promising practices, and to 
take part in the programme's study of graduate 
students’ financial habits. 

The impetus for the project involved a num- 
ber of factors, says Daniel Denecke, a CGS 
associate vice-president who is heading the 
effort. “It was the rising amount of student debt 
we were seeing nationally: how hardship and 
issues are increasingly playing a role in student 
decisions to defer plans to go into grad school.” 
Programme leaders noted that student borrow- 
ing is not necessarily informed by longer-term 
salary potential, and wanted to help students 
“to make informed decisions when they do 
borrow’, says Denecke, “by having access to 
projections on how the amount they borrow 
will affect their career decisions”. 

The Ohio State University (OSU) in Colum- 
bus is among the programme’ grantees. The 
university's graduate school and its Student 
Wellness Center are planning online tutorials 
that will offer guidance on such tasks as com- 
piling a monthly budget or assessing the riski- 
ness of financial practices. They will send out 
financial surveys, and counsellors will use the 
responses to reach out to students who seem to 
be at high risk of getting into difficulties. Part 
of the OSU’s strategy is to tailor its advice to key 
phases in student life — the admissions pro- 
cess, candidacy after completing initial course 
requirements and graduation, says graduate- 
school dean Patrick Osmer. For example, newly 
admitted students probably do not need infor- 
mation about retirement, but they should have 
insight into the salary prospects in a given field. 

Osmer also supports training graduate 
students to be peer counsellors, reasoning 
that students respond better when they hear 
something from their peers rather than from 
an administrator or instructor. 


CLEAN CREDIT 

Cornell University in Ithaca, New York — 
another CGS grant recipient — is planning to 
pool the resources of multiple campus offices 
to educate students about debt and financial 
management both in person and online. The 
university already works with ClearPoint, a 
financial-advice non-profit based in Richmond, 
Virginia, which conducts workshops and tele- 
phone consultations focused on budgeting, 
financial management and handling debt. 

The workshops have been very well attended, 
says Gary Thurber, who was until recently a 
ClearPoint credit counsellor and educator. He 
had expected students to be most interested 
in budgeting and goal-setting — working out, 
for example, how to make a stipend instalment 
received in August last until January. But what 
most students want to know about, he says, 


Graduate trends 


The 2013 Nature Careers Graduate Student Survey collected more than 5,000 responses from graduate students 
around the world. The questions, like those of the inaugural 2011 survey, probed concerns about funding, working 
conditions and the factors affecting careers paths; this year’s survey also asked about student debt. 


0 | To what extent are you satisfied with each of the following attributes or aspects 


of your graduate-school experience? 


Satisfied or very satisfied (%) 


Plo peae =—— Degree of =< Recognition == Availability 
independence from adviser of funding CTT reer e Tr etree Creer ererr oer ere eer etree rte 
10 + «== Hours worked «= Guidance from om Stipend oii cscs estes nse 
adviser 
(0) 
1ST 2ND 3RD 4TH 5TH 1ST 2ND 3RD 41H 
YEAR 


0 How concerned, if at all, are you about any debt you will incur from pursuing 
your post-graduate qualification or degree? 


I don’t know —} 


lam not 
concerned 


lam not that ___ 
concerned 


lam 
concerned —— 


lam very —| 
concerned 
NETHERLANDS 


UK 


US 


~ 80% 


~ 60% 


~ 40% 


~ 20% 


GERMANY FRANCE CHINA INDIA 


O| Which, if any, of the following are reasons that you feel less likely to follow a 
traditional research career than you did when you started your PhD? 


| have become less interested 
in the type of work involved in 
a traditional research career 


| think that traditional research 
careers are too competitive 


| have become more interested 
in an alternative career 


| have become less interested 
in my area of specialism 


Other 


0 10 


are credit reports and the best ways to obtain 
mortgages. He tells them how to get free credit 
reports (avoid the unnecessary charges of 
the oft-advertised freecreditreport.com, and 
opt instead for the federally authorized www. 
annualcreditreport.com, which delivers one 
free report per year from each of the three US 
credit-reporting agencies). He also advises 


20 


2011 2013 


Europe Europe 
i i mus mus 
30 40 50 60 


students to keep their credit-card balances 
below 40% of the credit limit, and to be wary of 
transferring balances between cards. 

Still, Thurber does discuss debt, advising 
students to borrow only what they need. Even 
with low interest rates, payments add up, he 
notes. He often counsels students to get a part- 
time job to cover basic expenses. 


~ 100% 


70% 


a | Overall, how satisfied are you 
with your graduate-school 
experience? By region.* 


@ Very satisfied | Satisfied @ Very 
dissatisfied 


/ Neutral ™ Dissatisfied 


7% 


3% 


EUROPE 
2011 


EUROPE 
2013 


*Owing to rounding, numbers may not add up to 100% 


“In our colleges and schools,” says Thurber, 
“we do a great job of educating our people for 
jobs they’re trained to do. But I don’t think right 
now that many colleges are teaching students 
about personal finance. We're not teaching them 
what to do with income once they have it” m 


Gene Russo is Careers editor at Nature. 
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THE RUMINATION ON WHAT ISN'T 


BY ALEX SHVARTSMAN 


his isn’t a time- 
travel story. As 
you sit in the sterile 


room that looks and feels like 
a hospital ward but doesn't smell 

or sound like one — you know the 
difference after so many months — as 
you stare at the thing at the other end of the 
chessboard and try to picture your daugh- 
ter instead, you ponder the choices you've 
made. You realize that, if given a chance, 
you wouldn't go back to change anything. 
There is no decision, no single action that 
would have altered the course of events. No 
moment in time that could have been modi- 
fied to avoid this outcome. No matter what, 
you would find yourself in this room, lost in 
thought as your fingers caress a white pawn. 
She is waiting for you to make your move. 

This isn’t a horror story. You certainly 
felt like it was, on that day in the doctor's 
office, when he delivered the diagnosis with 
practised compassion. Words like stage four 
and metastasis sounded surreal. They were 
fears of old people; there was no place for 
them in the life of a ten-year-old girl. You 
remember feeling shaken and detached, as 
if this was happening to somebody else. But 
the oncologist wouldn't allow you to process 
this fully, to despair, to grieve. He wanted to 
talk treatment options, and DNA sequenc- 
ing, and clinical trials. And he wanted deci- 
sions to be made right away, because there 
wasn'ta lot of time. 

But it wasn’t all fear and dread. There 
were moments of happiness, when the two 
of you giggled while watching cartoons 
together, or went picking apples under the 
pleasantly warm September sun. There were 
moments of boredom, hours spent in wait- 
ing rooms filled with year-old magazines 
and stone-faced strangers who probably 
understood what you were going through 
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better than your closest friends, but were 
barricaded behind the walls of their own 
distress. And then there were mundane 
moments, because even when your world 
is shattered you still have to go through the 
motions of picking up paper towels at the 
supermarket, and getting the oil changed in 
your truck, and doing laundry. 

This isn’t a fantasy story. When her hair 
fell out from the chemo, and she lost weight, 
and the doctors began to mention the word 
hospice, you sought alternative treatments. 
Folk medicines and psychics, and any num- 
ber of other things that don’t work, but 
desperate people try them anyway, because 
they’re better than doing nothing. This isn’t 
a fantasy, there’s no magic or miracles. She 
kept getting worse. 

This isn’t exactly a tragedy. Before the ill- 

ness could take her, 
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they said. The proce- 
dure had never been 
performed on a human 
being before. There 
were plenty of risks and 
unknowns, but your daugh- 
ter was given an opportunity to 
make history. More importantly, it 
was the way for her to survive. You hated 
the thought of her being used as some sort 
of a guinea pig, but the doctors said that she 
had just a few weeks left. This was her only 
chance. So you signed endless pages of legal 
documents until your hand ached almost as 
much as your heart, and you allowed your- 
self to hope. 

This is a love story. You sit in the sterile 
room and play chess against a sleek metal 
box that houses your daughter’s mind. She 
has been uploaded, the first herald of the 
coming singularity. She will never again 
pick apples, or play soccer, or hug you. The 
scientists don't know whether her mind will 
continue to develop or if she will remain a 
perpetual ten-year-old. They don't know 
whether she will live forever inside the 
machine, or if her consciousness will 
degrade and disappear with time. The entire 
world is waiting to find out. 

She watches you through digital cameras 
and hums her favourite tune through the 
speakers, impatient for you to finally make 
your move. And you know with absolute 
certainty that this is a love story, because you 
love your daughter just the same, regardless 
of her physical form. You get to tell her sto- 
ries, and watch cartoons together, and play 
chess, and face whatever challenges may 
come in the future as a family. 

You smile at her, and push the pawn 
forward. = 


Alex Shvartsman is a writer and game 
designer from Brooklyn, New York. His other 
fiction is linked at www.alexshvartsman.com. 
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Low-voltage magnetoresistance in silicon 


ARISING FROM C. H. Wan, X. Z. Zhang, X. L. Gao, J. M. Wang & X. Y. Tan Nature 477, 304-307 (2011) 


Magnetoresistance exhibited by non-magnetic semiconductors has 
attracted much attention’. In particular, Wan et al. reported room- 
temperature magnetoresistance in silicon to reach 10% at 0.07 T and 
150,000% at 7 T—“an intrinsically spatial effect”’*. Their supply volt- 
age was approximately 10 V (ref. 12), which is low and approaches the 
industrial requirement'*. However, we have found their large magne- 
toresistance values to be experimental artefacts caused by their method 
of measurement. The true room-temperature magnetoresistance of the 
devices described in ref. 12 is low with a magnetic field of up to 7 T and 
a supply voltage of around 10 V and hence these devices cannot offer 
large magnetoresistance with low supply voltage to industry. There is 
a Reply to this Brief Communication Arising by Zhang, X. Z., Wan, 
C.H., Gao, X. L., Wang, J. M. & Tan, X. Y. Nature 501, http://dx.doi.org/ 
10.1038/nature12590 (2013). 

Wan et al.’? measured two types of In/SiO2/Si/SiO2/In devices 
using a Keithley 2400 sourcemeter as both a current source and a 
voltage meter (which we refer to here as method 1), and obtained 
large magnetoresistance values of up to 10% at 0.07 T and 150,000% at 
7 T. We fabricated two devices with the same structures as those of ref. 
12 and performed method 1 using them. Their voltage-current (V-J) 
curves can be divided into different regions with different resistances, 
just as in the results of ref. 12. Wan ef al.’* claim that injection of 
minority carriers into silicon causes a p-n junction and the changes in 
resistance, that large magnetoresistance occurs with applied current 
in one of the regions (referred as to the transition region), and that the 
magnetic-field dependence of the magnetoresistance in the transition 
region is different from those in the other regions. However, when we 
used another method (here called method 2) with unchanged mea- 
suring parameters and different instruments on the devices, the V-I 
characteristics without the transition region were obtained. The only 
difference between the two methods is that in method 2 we used the 
Keithley 2400 only as the current source, with an independent volt- 
meter (Keithley 2182) as the voltage meter. 

Further, we performed both methods on two circuits composed of 
linear resistors, which were used to simulate the devices. The results 
indicate that in method 1 the Keithley 2400 itself interferes with the 
measurement of the specimen and cannot give correct voltage values 
when the applied current exceeds a certain value and falls in the 
transition region. Because ref. 12 claims that large magnetoresistances 
were measured when J was in the transition region, magnetoresistance 
was defined as [R(B) — R(B = 0)]/R(B = 0) and R = V/I, we conclude 
that the large magnetoresistance values are really experimental arte- 
facts caused by the interference of the sourcemeter. Method 2 is valid. 
Using it, we obtained magnetoresistance values for the two devices 
with supply voltages of 6.7-72 V and 0.79-50 V, respectively. The 
values are all low and the magnetic-field dependence at all applied 


Zhang et al. reply 


currents is the same (above 2 T the field dependence is linear); the 
magnetoresistance does not exhibit any signs of saturation at fields up 
to 7 T. The linear dependence without magnetoresistance saturation 
is the same as for inhomogeneity-induced magnetoresistance’”’. 
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REPLYING TO J. Luo et al. Nature 501, http://dx.doi.org/10.1038/nature12589 (2013) 


We agree with Luo et al.' that the magnetoresistance effects that we 
reported’ were dependent on the method used to measure them. The 
reason that there is a difference in the results depending on whether 
method 1 or method 2 is used (adopting the measurement notation of 


ref. 1) is that there are two voltage-stabilizing diodes in the Keithley 
2400 instrument we used. We were unaware that when this instru- 
ment was used both as current source and voltmeter, one diode con- 
nected the input port of the current source to the input port of the 
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voltmeter, whereas the other diode connected the output port of the 
current source to the output port of the voltmeter. The diodes caused a 
crossover of the Hall coefficient from negative to positive when the 
instrument was used to conduct a Hall measurement in this configu- 
ration, leading us to propose an invalid mechanism for the abnormal 
magnetoresistance. Therefore the mechanism we proposed’*—minority 
injection and an induced p-n boundary—does not provide a correct 
explanation for the observed geometry-enhanced magnetoresistance. 
Although such a mechanism does not operate in our samples, we note 
that a p-n boundary could still enhance magnetoresistance in certain 
circumstances according to our and others’ theoretical calculations 
and experiments *. 

Once we became aware of the existence and role of the diodes, we 
were able to show that all the magnetoresistance properties reported 
previously” could be qualitatively reproduced by integrating two 
diodes between the indium electrodes within the devices themselves, 
resulting in magnetoresistance devices—consisting of the silicon wafer, 
the indium electrodes and now also the diodes—whose apparent prop- 
erties are no longer dependent on the measurement methodology. 

Weare now developing a new mechanistic framework to describe this 
phenomenon, which takes into account the influences of both device 
geometry and the newly incorporated diodes. The mechanism and its 
generalization to other materials, (accompanied by corrections to our 
earlier invalid explanation) will be described in a forthcoming paper. 

Finally, it is worth noting that (1) this magnetoresistance device 
could still be integrated into silicon-based electronics and therefore 
aid the development of magnetoelectronics, (2) the new mechanism 
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potentially provides ways to optimize device performance, such as 
improving the low-field sensitivity and reducing the power required 
and (3) our research shows that the low-field magnetoresistance of 
(uB)* restricted by the Onsager relation® could be enhanced in the 
nonlinear transport region, suggesting a way to improve the low-field 
sensitivity of semiconductors with only moderate mobility. 

We thank Yang Ji at the Chinese Academy of Sciences, who initially 
alerted us to the methodology-dependence of our original results. 
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